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Abstract 
Rapid Prototyping technologies have been developed to transform three-dimensional 
computer models into physical prototypes within a compressed period of time. The 
problem of many existing laser and metal powder based techniques is the insufficient 
strength of parts to meet the practical requirements due to incomplete sintering or 
melting of powders. 
One of the research objectives was to melt tool steel powder completely and form fully 
dense fused structures with a 550 W Nd: YAG pulsed laser. The other objective was to 
produce material structures with graded composition, so-called Functionally Graded 
Materials (FGM). It is believed that this process could eventually produce preforms with 
complex material structures. Tungsten carbide was selected to be mixed with tool steel 
powder for possible wear resistance applications. 
The investigation on laser fusing tool steel was first carried out. The optimal process 
settings were concluded by measuring the contact angle, the surface roughness, bead 
height and variance of bead width of each single bead produced under various conditions. 
Fusing overlapped beads and multiple layers was then followed by studying the effects of 
scan spacings, scanning patterns and layer thickness. A scanning pattern was developed 
to effectively reduce porosity. Dense cubes of tool steel were then successfully produced 
with porosity of less than 1 %. Based on the findings from processing tool steel powder, 
different ratios of WC and tool steel were mixed and processed under the same 
processing conditions to produce FGMs. 
Various analysis techniques, including scanning electron microscopy, energy and 
wavelength dispersive X-ray were applied to examine the microstructures. WC was 
found partially dissolved in the matrix and evidence of liquid phase sintering was found 
in powder densification. Hardness, microhardness and nano-indentation testing were 
performed to show the hardness values in accordance with compositional changes in 
macro, micro, and nano-scales. The FGM of 80wt% H 10 and 20wt%WC showed an 
increase in hardness of at least 5-10% from the samples of H10. 
1 
Acknowledgement 
I would like to thank my supervisor Professor Phill Dickens for his precious support and 
guidance during my research. 
I also want to thank Dr. Poonjolai Erasenthiran for his invaluable suggestions during the 
writing up. Many thanks go to Mr. Frank Page at IPTME for his support and assistance in 
analysis work. 
Many thanks are due to all the members of the Rapid Manufacturing Research Group at 
Loughborough University for an enjoyable time together. I also want to thank all the 
technicians in the workshop and those in Queen's building at De Montfort University in 
Leicester. Without your support, the work cannot be completed. 
I would like to express my gratitude to my parents, brother and sister for their enduring 
love and support over the past years. 
ii 
Contents 
ABSTRACT ....................................................................................................................... I 
ACKNOWLEDGEMENT ............................................................................................... II 
LIST OF TABLES ...................................................................................................... VIII 
LIST OF FIGURES ....................................................................................................... IX 
ABBREVIATIONS ...................................................................................................... XVI 
NOMENCLATURE ................................................................................................. XVIII 
1 INTRODUCTION ..................................................................................................... 1 
2 DIRECT METAL MANUFACTURING ................................................................ 2 
2.1 LASER ENGINEERING NET SHAPING LENSTM 
...................................................... 
2 
2.2 DIRECTED LIGHT FABRICATION (DLF) 
................................................................ 
5 
2.3 DIRECT METAL DEPOSITION FROM POM ............................................................. 
6 
2.4 LASER POWDER FUSION 
....................................................................................... 
7 
2.5 LASER ADDITIVE MANUFACTURING FROM AEROMETTM ..................................... 
8 
2.6 ACADEMIC RESEARCH 
......................................................................................... 
9 
2.7 SUMMARY .......................................................................................................... 11 
3 PROCESSES TO ENHANCE WEAR RESISTANCE OF MATERIALS ........ 14 
3.1 SURFACE TRANSFORMATION HARDENING 
......................................................... 
14 
3.2 LASER SURFACE MELTING/ALLOYING 
............................................................... 
15 
3.3 LASER CLADDING 
.............................................................................................. 
15 
3.4 THERMAL SPRAYING 
.......................................................................................... 
16 
4 FUNCTIONALLY GRADED MATERIALS ....................................................... 17 
4.1 INTRODUCTION 
.................................................................................................. 
17 
4.2 COMPOSITIONAL PROFILE 
.................................................................................. 
19 
4.3 CHARACTERIZATION OF PROPERTIES ................................................................. 
21 
iii 
4.3.1 Thermal Properties ................................................................................... 21 
4.3.2 Mechanical Properties .............................................................................. 25 
4.4 PROCESSING TECHNOLOGIES 
............................................................................. 26 
5 PROCESSING FGMS BY LASER POWDER FUSION .................................... 27 
5.1 LIQUID PHASE SINTERING (LPS) 
........................................................................ 27 
5.2 LPS IN LASER PROCESSING POWDERS OR FGM ................................................ 
28 
5.3 LASER-MATERIAL INTERACTIONS 
...................................................................... 32 
5.4 MODELLING OF A HETEROGENEOUS STRUCTURE ............................................... 33 
5.5 SUMMARY 
.......................................................................................................... 33 
6 THERMAL BEHAVIOUR OF THE PROCESS ................................................. 35 
6.1 THERMAL MODELLING OF LASER MATERIAL PROCESSING ................................ 
35 
6.1.1 Analytical Solutions .................................................................................. 35 
6.2 SUMMARY .......................................................................................................... 41 
7 HYPOTHESIS AND RESEARCH OBJECTIVES ............................................. 43 
7.1 HYPOTHESIS ....................................................................................................... 43 
7.2 OBJECTIVES 
....................................................................................................... 43 
7.2.1 Material Selection and Characterisation .................................................. 43 
7.2.2 Processing ................................................................................................. 44 
7.2.3 Analysis ..................................................................................................... 45 
8 POWDER SYSTEM ............................................................................................... 46 
8.1 HOT-WORK TOOL STEEL 
.................................................................................... 
46 
8.2 MATERIAL DESIGN 
............................................................................................. 
48 
8.2.1 Functional Specification 
........................................................................... 48 
8.2.2 Process Consideration 
.............................................................................. 
49 
8.3 SELECTION OF THE PAIRING MATERIAL ............................................................. 
50 
8.4 SELECTION OF WC ............................................................................................. 61 
8.4.1 Bimodal Model of Particle Packing .................................... 61 ...................... 
8.4.2 Densification of Powder Mixture .............................................................. 
67 
8.5 SUMMARY 
.......................................................................................................... 
69 
9 CHARACTERISTICS OF THE POWDERS ....................................................... 70 
9.1 H 10 TooL STEEL ............................................................................................... 70 
iv 
9.2 TUNGSTEN CARBIDE 
.......................................................................................... 
73 
9.3 POWDER BED DENSITY 
...................................................................................... 
75 
9.3.1 Apparent Density 
...................................................................................... 
75 
9.3.2 Tap Density 
............................................................................................... 
75 
9.4 SUMMARY 
.......................................................................................................... 
77 
10 CHARACTERISTICS OF THE PROCESSING SYSTEM ........................... 78 
10.1 LASER SET-UP 
.................................................................................................... 
78 
10.2 THE PULSED LASER 
........................................................................................... 
80 
10.3 LASER VARIABLES 
............................................................................................. 
81 
10.3.1 Pulse Width ............................................................................................... 
82 
10.3.2 Repetition Rate .......................................................................................... 
82 
10.3.3 Pulse Energy ............................................................................................. 
83 
10.3.4 Laser Spot Size and Focusing ................................................................... 
85 
10.3. S Feed Rate .................................................................................................. 
87 
10.4 BEAM DELIVERY SYSTEM 
.................................................................................. 
88 
10.5 SHIELD GAS 
....................................................................................................... 
88 
10.6 x/Y TABLE ........................................................................................................ 
89 
10.7 MATERIAL HANDLING 
....................................................................................... 
89 
10.8 PROCESS VARIABLES AND THEIR RANGES .......................................................... 
91 
10.9 SUMMARY .......................................................................................................... 
93 
11 EXPERIMENTAL STRATEGY AND RESULTS OF SINGLE BEADS ..... 94 
11.1 SINGLE SCAN ON PLATE WITHOUT POWDER ....................................................... 
94 
11.2 INITIAL RESULTS OF SINGLE BEADS ................................................................. .. 
97 
11.2.1 General Comments .................................................................................. 
101 
11.3 EFFECTS OF THE SYSTEM PARAMETERS ON FUSION RESULTS .......................... 
105 
11.3.1 Pulse Width ............................................................................................. 
105 
11.3.2 Repetition Rate ........................................................................................ 
107 
11.3.3 Pulse Energy ........................................................................................... 
108 
11.3.4 Focal Position ......................................................................................... 
110 
11.3.5 Feed Rate of the X/Y Table ..................................................................... 
111 
11.3.6 Interactions of Parameters - Specific Energy Density ........................... 
114 
11.4 EXPERIMENTAL MATRIX 
.................................................................................. 
116 
11.4.1 Contact Angles ........................................................................................ 
120 
v 
11.4.2 Surface Features of Beads ...................................................................... 
127 
11.4.3 Bead Width and Variance ....................................................................... 
135 
11.4.4 Bead Height and Melt Depth .................................................................. 
141 
11.5 SELECTION OF BASIC PARAMETERS ................................................................. 
145 
11.6 SUMMARY ........................................................................................................ 146 
12 FUSION OF LAYERED STRUCTURES OF H10 ........................................ 147 
12.1 SCAN SPACING AND OVERLAP OF BEADS ......................................................... 
147 
12.2 SCANNING PATTERNS ....................................................................................... 
148 
12.3 OCCURRENCE OF POROSITY ............................................................................. 
154 
12.4 MODIFIED SCANNING PATTERN FOR MULTI-LAYER STRUCTURES ................... 156 
12.5 TWO-LAYER STRUCTURE 
................................................................................. 
157 
12.5.1 Lower layer thickness .............................................................................. 
159 
12.6 MULTI-LAYERED STRUCTURE WITH REFILL SCANNING PATTERN .................... 
161 
12.7 SURFACE ROUGHNESS MEASUREMENT ON SOLID CUBES ................................ 
165 
12.7.1 Effect of Surface Remelting ..................................................................... 
167 
12.8 SUMMARY ........................................................................................................ 
169 
13 FABRICATION OF FUNCTIONALLY GRADED MATERIALS ............. 171 
13.1 SELECTION OF THE MIXED COMPOSITION ........................................................ 
172 
13.2 PREPARATION OF MIXED POWDERS ................................................................. 
174 
13.3 FABRICATION OF FGMS OF H1 O-WC ............................................................... 
175 
13.4 SUMMARY........................................................................................................ 179 
14 MICROSTRUCTURAL ANALYSIS .............................................................. 
180 
14.1 SINGLE BEADS OF H10 ..................................................................................... 
181 
14.2 FGM OF H10-WC ........................................................................................... 
186 
14.3 EDX/EDS ANALYSIS ...................................................................................... 
189 
14.3.1 Single Bead ............................................................................................. 
190 
14.3.2 2D Mapping of H10 Fused Beads ........................................................... 
194 
14.3.3 Overlapped Beads ................................................................................... 
196 
14.3.4 FGM of WC-H10 ..................................................................................... 
197 
14.4 X-RAY DIFFRACTION 
....................................................................................... 
201 
14.5 DEFECTS .......................................................................................................... 
203 
14.5.1 Pores ....................................................................................................... 
203 
vi 
14.5.2 Cracks ..................................................................................................... 204 
14.6 SUMMARY ........................................................................................................ 208 
15 
15.1 
15.2 
15.3 
15.4 
15.5 
16 
16.1 
16.2 
17 
HARDNESS TESTING .................................................................................... 209 
PREPARATION AND TEST METHODS ................................................................. 209 
STRUCTURES OF H 10 TOOL STEEL AND MIXED COMPOSITIONS ...................... 
210 
MICROHARDNESS TESTING 
.............................................................................. 212 
NANO-INDENTATION TESTS 
............................................................................. 215 
SUMMARY 
........................................................................................................ 222 
ISSUES ABOUT LASER POWDER FUSION .............................................. 223 
PROCESSrI'40 TIME ............................................................................................ 223 
SPATTER AND PLASMA ..................................................................................... 
225 
CONCLUSIONS AND SUMMARY ............................................................... 228 
17.1 CONCLUSIONS 
.................................................................................................. 228 
17.2 SUMMARY ........................................................................................................ 230 
18 RECOMMENDATIONS FOR FUTURE WORK ......................................... 233 
REFERENCES ............................... ..................................... ........... ......... ........... ......... .. 236 
APPENDIX A MATHCAD PROGRAMME ....................................................... 249 
APPENDIX B REPORTS OF PARTICLE SIZE ANALYSIS .......................... 253 
APPENDIX C INITIAL FUSION RESULTS ...................................................... 255 
APPENDIX D OPERATING PROCEDURE FOR THE ISO-SURF SYSTEM.... 
... ..... . ..... .... ...... ......... ............ . .... . ... .... .... . ..... ....... .... .... ....... ..... ...... .... 2 70 
APPENDIX E IMAGE ANALYSIS ..................................................................... 271 
vii 
List of Tables 
TABLE 2-1: SPECIFICATIONS OF LENSTM 750 FROM OPTOMEC DESIGN, SOURCE: 
(OPTOMEC, 1999) 
........................................................................................ 
4 
TABLE 5-1: LIST OF PROCESS PARAMETERS FROM REFERENCES .................................... 
31 
TABLE 8-1: HIGH-TEMPERATURE TENSILE PROPERTIES OF HOT-WORK TOOL STEELS 
AFTER HEAT TREATMENT TO 48-50 HRC .................................................. 
48 
TABLE 8-2: VARIOUS CRITERIA IN SELECTION OF THE PAIRING MATERIAL .................... 
50 
TABLE 8-3: SUMMARY OF PROPERTIES OF SEVERAL ENGINEERING MATERIALS, 
REPRODUCED FROM (GERMAN, 1996), (BUDINSKI AND BUDINSKI, 1999) 
AND (MATWEB, 2002) ............................................................................... 54 
TABLE 9-1: NOMINAL COMPOSITION OF APPLIED H10 POWDER AND H13 SUBSTRATE . 
72 
TABLE 9-2: CHARACTERISTIC PARTICLE SIZES OF H10 AND WC POWDERS .................. 
75 
TABLE 10-1: OVERVIEW OF PROCESS VARIABLES ........................................................... 
92 
TABLE 11-1: PARAMETER SETTINGS AND RESULTS ......................................................... 
96 
TABLE 11-2: CATEGORISED FEATURES OF FUSION RESULTS OF SINGLE BEADS .............. 
103 
TABLE 11-3: EXPERIMENTAL MATRIX AND RESULTS FOR THE REPETITION RATE OF 20 HZ. 
............................................................................................................. 
118 
TABLE 11-4: EXPERIMENTAL MATRIX AND RESULTS FOR THE REPETITION RATE OF 10 Hz. 
.. ................ . 119 . . ............... ......................................................................... 
TABLE 11-5: MEASUREMENTS OF CONTACT ANGLES .................................................... 
122 
TABLE 11-6: MEASUREMENTS OF SURFACE WAVINESS AND ROUGHNESS ...................... 
130 
TABLE 11-7: MEASUREMENTS OF BEAD WIDTH AND ITS VARIANCE .............................. 
137 
TABLE 11-8: MEASURED AND CALCULATED BEAD HEIGHT AND MELT DEPTH ............... 
142 
TABLE 11-9: SELECTED PARAMETER SETTING .............................................................. 
145 
TABLE 12-1: EXPERIMENT MATRIX OF RESULTS OF MEASURING FUSED THICKNESS OF A 
SINGLE LAYER BY DIFFERENT SCANNING PATTERNS ................................ 
153 
TABLE 12-2: SURFACE MAPS OF VARIOUS CUBES BY THE ISO-SURF SCANNER .............. 
166 
TABLE 13-1: COMPOSITIONS OF H10 TOOL STEEL, MIXTURE OF 20WT%WC-80WT%H10 
AND Ti HIGH SPEED STEEL ...................................................................... 
173 
TABLE 13-2: SUMMARY OF THE STANDARD PARAMETERS ............................................ 
175 
TABLE 16-1: TIME REQUIRED FOR EACH PROCESSING STEP FOR PRODUCING A 
I OXI OX 10 MM CUBE WITH THE REFILL SCANNING PATTERN .................... 
224 
viii 
List of Figures 
FIGURE 2-1: LENSTM PROCESS (OPTOMEC, 1999) ........................................................... 3 
FIGURE 2-2: DIRECT METAL DEPOSITION PROCESS (POM, 2000) ................................... 
6 
FIGURE 2-3: PHOTOGRAPHS OF THE LASER POWDER FUSION PROCESS AT KRUPP............ 7 
FIGURE 2-4: PICTURE OF A FORGING TOOL ....................................................................... 
7 
FIGURE 2-5: ILLUSTRATION OF THE AEROMETTM'S PROCESS (AEROMET, 2000) ............. 
8 
FIGURE 2-6: PREFORM BY THE AEROMET'S PROCESS AND THE FINISHED PART (AEROMET, 
2000) ........................................................................................................... 9 
FIGURE 4-1: ILLUSTRATIONS OF (A) HOMOGENEOUS COMPOSITE, (B) COATED OR 
JOINTED-TYPE COMPOSITE, AND (C) FGM ................................................. 
18 
FIGURE 4-2: EXAMPLE OF DIFFERENT REQUIREMENTS OF MATERIAL PROPERTIES IN 
DIFFERENT LOCATIONS WITHIN A PART (POM, 2000) ................................ 
18 
FIGURE 4-3: SCHEMATIC OF MICROSTRUCTURAL CHANGES IN CROSS-SECTIONS OF AN 
FGM ......................................................................................................... 
19 
FIGURE 4-4: DIFFERENT COMPOSITIONAL PROFILES BY VARYING THE EXPONENT IN THE 
POWER LAW EQUATION .............................................................................. 
21 
FIGURE 4-5: CALCULATED TEMPERATURE DIFFERENCE IN A LAMINATE UNDER A GIVEN 
THERMAL CONDITION ................................................................................ 
23 
FIGURE 4-6: FOR A GIVEN THERMAL CONDITION, THE RELATIONSHIP OF THE MATERIAL 
LENGTH OF GRADED COMPOSITION AND THE COMPOSITIONAL EXPONENT N 
.................................................................................................................. 
24 
FIGURE 5-1: STAGES OF LIQUID PHASE SINTERING (GERMAN, 1996) .............................. 28 
FIGURE 6-1: ILLUSTRATIONS SHOWING SOME CONSIDERATIONS IN CALCULATING THE 
TEMPERATURE DISTRIBUTION OF A PULSED LASER ..................................... 
37 
FIGURE 6-2: CALCULATION OF TEMPERATURE DISTRIBUTIONS T(Z T) ACROSS A1 MM 
THICK POWDER LAYER AT THREE DIFFERENT PULSE WIDTHS ..................... 
38 
FIGURE 6-3: COOLING CURVES AT SURFACE AND 0.5 MM IN POWDER BED WITH VARIOUS 
PULSE WIDTHS ........................................................................................... 
40 
FIGURE 8-1: GRAPHIC RESULTS FROM THE SOFTWARE "CAMBRIDGE ENGINEERING 
SELECTOR ................................................................................................. 52 
FIGURE 8-2: MORPHOLOGY OF THE APPLIED ALUMINA POWDER .................................... 
56 
ix 
FIGURE 8-3: FUSION RESULTS OF POWDER MIXTURE OF H10 AND ALUMINA .................. 
57 
FIGURE 8-4: EFFECT OF PARTICLE RATIO ON THE PACKING DENSITY OF A MIXTURE WITH 
THE INITIAL PACKING DENSITY OF LARGE PARTICLES FL=0.6 AND (A) Fsg=0.5 
INITIAL PACKING DENSITY OF SMALL PARTICLES OR (B) F, ß-0.4 INITIAL 
PACKING DENSITY OF SMALL PARTICLES, RESPECTIVELY ........................... 
65 
FIGURE 8-5: EFFECT OF MIXING ON THE MAXIMUM PACKING DENSITY; POWDER MIXTURE 
CONSISTING OF LARGE PARTICLES OF INITIAL PACKING DENSITY FL=0.6 AND 
SIZE RATIO= 10 ........................................................................................... 
66 
FIGURE 8-6: VARIATION OF GREEN PACKING DENSITY VERSUS COMPOSITION FOR A 
HYPOTHETICAL CASE CONSISTING OF A BIMODAL MIXTURE OF LARGE AND 
SMALL POWDERS ....................................................................................... 
67 
FIGURE 9-1: PARTICLE SIZE DISTRIBUTION OF H10 TOOL STEEL POWDER ...................... 
71 
FIGURE 9-2: MORPHOLOGY AND MICROSTRUCTURE OF H 10 TOOL STEEL POWDER........ 71 
FIGURE 9-3: EDX SPECTRUM OF H10 TOOL STEEL POWDER .......................................... 
72 
FIGURE 9-4: SCANNING ELECTRON MICROGRAPHS OF WC POWDER .............................. 
74 
FIGURE 9-5: PARTICLE SIZE DISTRIBUTION OF TUNGSTEN CARBIDE ................................ 
74 
FIGURE 9-6: MEASUREMENT OF THE TAP DENSITY OF POWDERS BY A TAP DENSITY 
VOLUMETER ............................................................................................... 
77 
FIGURE 10-1: SYSTEM SET-UP .......................................................................................... 
79 
FIGURE 10-2: SYSTEM CONSTANT VS. PULSE ENERGY FOR THE FOCUSED BEAM WITH 
VARIOUS PULSE WIDTHS ............................................................................ 
81 
FIGURE 10-4: ILLUSTRATION OF SIMPLE SQUARE PULSES ................................................. 
82 
FIGURE 10-4: PULSE ENERGY AS A FUNCTION OF PULSE WIDTH AND PULSE HEIGHT......... 84 
FIGURE 10-6: LASER CHARACTERISTIC CURVES OF LUMONICS JK701 H: (A) THE 
RELATIONSHIP BETWEEN PULSE ENERGY AND REPETITION RATE FOR THE 
MAXIMUM LASER POWER OUTPUT 550 W; (B) MAXIMUM AVAILABLE LASER 
PULSE ENERGY OF DIFFERENT PULSE WIDTHS ............................................. 
85 
FIGURE 10-6: RELATIONSHIP BETWEEN THE HOLE DIAMETER AND THE PULSE ENERGY ... 
86 
FIGURE 10-7: HOLE DIAMETER AS A FUNCTION OF FOCUSING POSITION ........................... 
87 
FIGURE 10-8: FIXTURE OF WORKPIECE ............................................................................. 
90 
FIGURE 11-1: ILLUSTRATIONS OF THE OVERLAP RATIO OF SPOTS ..................................... 
95 
FIGURE 11-2: EXAMPLES OF SOME OVERLAPPED SPOTS WITH PARAMETERS IN TABLE 11-1 
(A: RUNS 1-9; B: RUNS 10-18, SCANS WITHOUT POWDER; C: RUNS 1-9; D: 
RUNS 10-18 SCANS WITH POWDER) ............................................................ 
97 
X 
FIGURE 11-3: EFFECTS OF DIFFERENT PARAMETERS ON THE FUSION RESULTS: (A) PULSE 
ENERGY, (B) REPETITION RATE AND (C) AVERAGE LASER POWER .............. 
99 
FIGURE 11-4: SAME RESULTS FROM FIGURE 11-3 BUT PRESENTED WITH THE DEFINED 
VARIABLE "SPECIFIC ENERGY DENSITY" .................................................. 
100 
FIGURE 11-5: EXCESS POWDER ATTACHED TO A BEAD AND RESULTANT PHENOMENA ... 
104 
FIGURE 11-6: EFFECTS OF PULSE WIDTH ON THE QUALITY OF BEADS WITH A REPETITION 
RATE OF 20 HZ AND (A) PULSE ENERGY OF 20 J, FEED RATE OF 400 MM/MIN 
(B) PULSE ENERGY OF 15 J, FEED RATE OF 200 MM/MIN; (C) WITH PULSE 
ENERGY OF 10 J AND FEED RATE OF 200 MM/MIN .................................... 
106 
FIGURE 11-7: SPOT OVERLAP RATIO AS A FUNCTION OF REPETITION RATE AND SPEED... 107 
FIGURE 11-8: RESULTS FROM THE SINGLE BEAD TESTS SHOWN IN SPOT OVERLAP RATIO VS. 
CYCLE TIME ............................................................................................. 
108 
FIGURE 11-9: EFFECTS OF VARIOUS LEVELS OF PULSE ENERGY ON THE FORMATION OF 
BEADS AT A REPETITION RATE OF 10 HZ AND PULSE WIDTH OF 5 MS ....... 
109 
FIGURE 11-10: EFFECTS OF VARIOUS LEVELS OF PULSE ENERGY ON THE FORMATION OF 
BEADS AT A REPETITION RATE OF 20 HZ AND PULSE WIDTH OF 5 MS ....... 
109 
FIGURE 11-11: EFFECT OF THE FOCAL POSITION ON THE BEAD APPEARANCE ................... 
110 
FIGURE 11-12: COMPARISON OF BEADS PRODUCED WITH DIFFERENT FOCAL POSITIONS .. 
111 
FIGURE 11-13 DISCONTINUOUS BEADS, IF THE FEED RATE IS TOO HIGH .......................... 
112 
FIGURE 11-14: RESULTS FROM THE PRIMARY BONDING TESTS IN FIGURE 11-4, SHOWN IN 
SPECIFIC ENERGY DENSITY VS. SCAN SPEED ............................................. 
113 
FIGURE 11-15: SINGLE BEADS WITH VARIOUS SPECIFIC ENERGY DENSITIES AT A REPETITION 
RATE OF 10 Hz ........................................................................................ 
115 
FIGURE 11-16: SINGLE BEADS WITH VARIOUS SPECIFIC ENERGY DENSITIES AT A REPETITION 
RATE OF 20 Hz ........................................................................................ 
115 
FIGURE 11-17: SINGLE BEADS WITH VARIOUS SPECIFIC ENERGY DENSITIES AT A REPETITION 
RATE OF 30 Hz ........................................................................................ 
116 
FIGURE 11-18: BEAD SHAPE FROM THE CROSS-SECTION OF A FUSED BEAD ON THE FLAT 
SUB sMTE (H 13) .................................................................................... 
120 
FIGURE 11-19: MEASUREMENTS OF CONTACT ANGLES OF BEADS FUSED WITH A PULSE 
ENERGY OF 15 J ....................................................................................... 
124 
FIGURE 11-20: MEASUREMENTS OF CONTACT ANGLES OF BEADS FUSED WITH A PULSE 
ENERGY OF 10 J ....................................................................................... 
125 
xi 
FIGURE 11-21: MEASUREMENTS OF CONTACT ANGLES OF BEADS FUSED WITH A PULSE 
ENERGY OF 7.5 J ...................................................................................... 
126 
FIGURE 11-22: MEASUREMENT ARRANGEMENT WITH THE ISO-SURF ............................. 
127 
FIGURE 11-23: POSSIBLE DAMAGE IN MEASURING SAMPLES WITH A BULGE START OR 
EXTREME IRREGULARITY ......................................................................... 
128 
FiGuRE 11-24: (A) RAW MEASUREMENT DATA OF A SURFACE PROFILE; (B) WAVINESS PLOT 
AFTER APPLYING A GAUSSIAN FILTER AND A 0.8 MM CUT-OFF LENGTH; (C) 
ROUGHNESS PLOT UNDER THE SAME CONDITIONS IN (B) .......................... 
129 
FIGURE 11-25: MEASUREMENTS OF SURFACE ROUGHNESS AND WAVINESS OF BEADS FUSED 
WITH A PULSE ENERGY OF 15 J ................................................................ 
132 
FIGURE 11-26: MEASUREMENTS OF SURFACE ROUGHNESS AND WAVINESS OF BEADS FUSED 
WITH A PULSE ENERGY OF 10 J ................................................................ 
133 
FIGURE 11-27: MEASUREMENTS OF SURFACE ROUGHNESS AND WAVINESS OF BEADS FUSED 
WITH A PULSE ENERGY OF 7.5 J ............................................................... 
134 
FIGURE 11-28: SCREEN SHOT OF THE SOFTWARE LINCE® .............................................. 
135 
FIGURE 11-29: MEASUREMENTS OF BEAD WIDTHS AND THEIR VARIANCES AT THE PULSE 
ENERGY OF IS J ....................................................................................... 
138 
FIGURE 11-30: MEASUREMENTS OF BEAD WIDTHS AND THEIR VARIANCES AT THE PULSE 
ENERGY OF 10 J ....................................................................................... 
139 
FIGURE 11-31: MEASUREMENTS OF BEAD WIDTHS AND THEIR VARIANCES AT THE PULSE 
ENERGY OF 7.5 J ...................................................................................... 
140 
FIGURE 11-32: ILLUSTRATION OF THE MELT DEPTH AND CONTACT ANGLE FOR A CIRCULAR 
BEAD CROSS-SECTION .............................................................................. 
141 
FIGURE 11-33: COMPARISON OF MEASURED AND CALCULATED BEAD HEIGHT ................. 
144 
FIGURE 11-34: TYPICAL BEADS PRODUCED WITH THE SELECTED PARAMETERS IN TABLE 
11-9 ......................................................................................................... 
146 
FIGURE 12-1: PHOTOGRAPH OF OVERLAPPED BEADS, WHERE RED ARROWS POINT TO SOME 
PROBLEM AREAS ...................................................................................... 
148 
FIGURE 12-2: FOUR DIFFERENT SCANNING STRATEGIES ................................................. 
149 
FiGURE 12-3: CROSS-SECTIONS OF SCANNING PATTERN 1 AND 2 WITH DIFFERENT SCAN 
SPACINGS ................................................................................................. 
150 
FIGURE 12-4: CROSS-SECTIONS OF SCANNING PATTERN 3 AND 4 WITH DIFFERENT SCAN 
SPACINGS ................................................................................................. 
151 
FIGURE 12-5: CHARACTERISTICS OF SINGLE LAYERS WITH OVERLAPPED 20SCANS........ 152 
X11 
FIGURE 12-6: AVERAGE DEPOSITED LAYER THICKNESS OF DIFFERENT SCANNING 
PATTERNS AND SPACINGS ........................................................................ 154 
FIGURE 12-7: CROSS-SECTIONS OF SAMPLES THAT LACK INTERLAYER BONDING ........... 
155 
FIGURE 12-8: SCHEMATIC ILLUSTRATIONS OF TWO POSSIBLE CAUSES FOR POROSITY.... 156 
FIGURE 12-9: SCHEMATIC REPRESENTATION OF POWDER LAYERING STEPS IN THE REFILL 
SCANNING PATTERN 157 
FIGURE 12-10: CROSS-SECTIONS OF 2-LAYER STRUCTURES WITH DIFFERENT PROCESSING 
CONDITIONS WITH POWDER LAYER THICKNESS OF 1 MM .......................... 
158 
FIGURE 12-11: CROSS-SECTIONS OF 2-LAYER STRUCTURES WITH REDUCED LAYER 
THICKNESS OF 0.4 MM ............................................................................. 
159 
FIGURE 12-12: 2-LAYER STRUCTURES PRODUCED BY THE STANDARD PROCESS 
PARAMETERS ........................................................................................... 
160 
FIGURE 12-13: TOP VIEW OF TWO MULTI-LAYER STRUCTURES PRODUCED BY MODIFIED 
REFILL SCANNING PATTERN ..................................................................... 
161 
FIGURE 12-14: CLOSE-UP OF THE TOP SURFACE OF TWO MULTI-LAYERED STRUCTURES .. 
162 
FIGURE 12-15: CROSS-SECTIONS OF STRUCTURES OF H10 WITH DIFFERENT SCAN SPACINGS 
................................................................................................................ 
163 
FIGURE 12-16: DEMONSTRATION CUBES FABRICATED WITH REDUCED LAYER THICKNESS 
.............................................. ............................. ..................................... 
164 
FIGURE 12-17: H10 SOLID CUBES OF TWENTY-LAYER DEPOSITION WITH THE DIMENSION OF 
12 MM X 12 MM X 10 MM (HEIGHT) ....................................................... 
165 
FIGURE 12-18: COMPARISON OF SURFACE FEATURES AMONG CUBE PRODUCED WITH 
VARIOUS SCAN SPACINGS ......................................................................... 
167 
FIGURE 12-19 EFFECT OF CROSS-HATCHED SURFACE REMELTING WITH A SCAN SPACING OF 
0.5 mm .................................................................................................... 
168 
FIGURE 12-20: REMELTING EFFECT ON THE SURFACE WAVINESS AND ROUGHNESS .......... 
169 
FIGURE 13-1: POWDERS AFTER MIXING FOR 10 HOURS WITH LARGE SPHERES OF H10 TOOL 
STEEL POWDERS AND SCATTERED SMALL PARTICLES OF WC ................... 
174 
FIGURE 13-2: (A) SINGLE BEAD AND LAYER OF 80H1 O-20WC (B) SINGLE LAYER OF 
80H10-20WC WITH DIFFERENT SCAN SPACINGS ..................................... 
176 
FIGURE 13-3: (A) CROSS-SECTION OF SAMPLE OF SINGLE LAYER WITH A SCAN SPACING OF 
0.5 MM; (B) CROSS-SECTION OF SAMPLE OF SINGLE LAYER WITH A SCAN 
SPACING OF 0.6 MM ................................................................................. 
176 
FIGURE 13-4: 3-LAYERED STRUCTURES WITH GRADED COMPOSITIONS .......................... 
177 
Xlii 
FIGURE 13-5: CROSS-SECTIONS OF STRUCTURES WITH GRADED COMPOSITIONS; (A) H10- 
10%WC-20%WC, 2 LAYERS OF EACH COMPOSITION, (B) FGM WITH A 
5 WTo/oWC INCREMENT IN COMPOSITION ................................................. 
178 
FIGURE 14-1: MICROGRAPH CHARACTERISTICS OF THE CROSS-SECTION OF A SINGLE BEAD 
of H10 .................................................................................................... 183 
FIGURE 14-2: MICROGRAPH CHARACTERISTICS OF THE CROSS-SECTION OF A SINGLE BEAD 
OF H10 .................................................................................................... 184 
FIGURE 14-3: CROSS-SECTION IN THE X/Y PLANAR DIRECTION ..................................... 
185 
FIGURE 14-4: COLLAGE OF IMAGES OF BEADS WITH GRADED COMPOSITIONS; (A) SEM 
MICROGRAPH; (B) SEM WITH BACKSCATTER DETECTOR ......................... 
186 
FIGURE 14-5: MICROSTRUCTURES IN THE REGION OF 80H10-20WC ............................. 
188 
FIGURE 14-6: SOLIDIFICATION STRUCTURE AROUND AN EMBEDDED WC PARTICLE. SEM 
MICROGRAPHS OF AN FGM OF WC AND H1O, SAMPLE POLISHED AND 
ETCHED WITH MURAKAMI'S SOLUTION ................................................... 
189 
FIGURE 14-7: EXAMPLES OF POOR WETTING .................................................................. 
189 
FIGURE 14-8: TOP VIEWS OF A BEAD-ON-SUBSTRATE WITH CLOSE-UPS OF SURFACE 
FEATURES ................................................................................................ 
190 
FIGURE 14-9: COMPARISON OF COMPOSITIONAL ANALYSIS AND EDX SPECTRA OF 
MARKED (A) AND (B) REGIONS IN FIGURE 14-8 ........................................ 
191 
FIGURE 14-10: SEM PHOTOGRAPHY OF FEATURES OF A POSSIBLE OXIDE FILM OF 532 NM 
THICKNESS ............................................................................................... 
193 
FIGURE 14-11: 2D MAPPING IMAGES SHOWING THE ELEMENTAL DISTRIBUTION FROM THE 
OBSERVED SEM PHOTOGRAPH ON A BEAD SURFACE ............................... 
195 
FIGURE 14-12: SURFACE FEATURES OF OVERLAPPED BEADS WITH OXYGEN CONTENTS IN 
AREA (A) 22% AND IN AREA (B) 18% ...................................................... 
196 
FIGURE 14-13: EDX ANALYSES TAKEN IN THE (A) H10 MATRIX, (B) WC PARTICLE; THE 
RESULTANT SPECTRUM OF (C) THE MATRIX AND (D) WC ........................ 
197 
FIGURE 14-14: QUANTITATIVE ANALYSIS BY EDX IN THREE REGIONS OF A THIN WALL 
STRUCTURE WITH A GRADED COMPOSITION, VARYING FROM 20WT%WC TO 
H10 ......................................................................................................... 
199 
FIGURE 14-15: DETECTION OF ELEMENTS BY THE EDX AND WDX LINE SCANNING ....... 
200 
FIGURE 14-16: EDX ANALYSIS CLOSE TO AN EMBEDDED WC PARTICLE AND SOLIDIFIED 
PHASES .................................................................................................... 
201 
FIGURE 14-17: XRD PATTERN OF THE H 10 CUBIC SAMPLE ............................................. 
202 
xiv 
FIGURE 14-18: POROSITY BANDING OBSERVED IN AN UNSUCCESSFUL FUSION OF 
20WT%WC-H10, ETCHED BY MURAKAMI'S SOLUTION .......................... 
203 
FIGURE 14-19: EFFECT OF WELD POOL CONVECTION ON WELD POROSITY, COMPILED FROM 
(Kou, 1987) (LANCASTER, 1993) ........................................................... 204 
FIGURE 14-20: CRACKS INDUCED BY THERMAL STRESSES ............................................... 205 
FIGURE 14-21: FLAWS IN A TWO-LAYER CROSS-SECTION OF 20WT%WC-80wT%H 10, 
ETCHED BY MURAKAMI'S SOLUTION ....................................................... 
206 
FIGURE 14-22: EXAMPLES OF GRINDING CRACKS (WILSON, 1975) .................................. 
207 
FIGURE 14-23: OBSERVED SURFACE FLAWS IN THE SAMPLES CONTAINING 20WT%WC .. 
207 
FIGURE 15-1: AVERY ROCKWELL HARDNESS TESTING MACHINE ................................... 
210 
FIGURE 15-2: VICKERS HARDNESS NUMBERS (30 KGF) OF CUBES OF H10 TOOL STEEL AND 
MIXED COMPOSITION OF 2Owr% WC-8OWT% H 10 WITH DIFFERENT SCAN 
SPACINGS ................................................................................................. 
211 
FIGURE 15-3: VARIOUS CRACKS OCCURRED ON THE SURFACE OF A CUBE OF 20WT%WC- 
80 WT'%H 10 ............................................................................................. 212 
FIGURE 154: MICROHARDNESS TESTING RESULTS OF STRUCTURES OF H10 AND AN FGM 
............................. ............................. .............................. .................... .... 
214 
FIGURE 15-5: EXPERIMENTAL SET UP OF THE NANO-INDENTATION TESTS ...................... 
216 
FIGURE 15-6: MICROGRAPH OF A 200 MN INDENTATION IN FUSED H10 SAMPLE........... 217 
FIGURE 15-7: NANO-INDENTATION TESTS ON H10 AND FGM SAMPLES ........................ 
219 
FIGURE 15-8: CALCULATED PROFILES OF THE ELASTIC MODULUS OF H 10 AND FGMS.. 221 
FIGURE 16-1: PIE CHART OF THE PROCESSING TIME IN PERCENTAGE FOR SINGLE LAYER 224 
FIGURE 16-2: (A) SCATTERED SPATTER AROUND THE BUILDING AREA; (B) BUILD-UP OF 
SPATTER AT THE NOZZLE APERTURE ........................................................ 
226 
FIGURE 16-3: PLASMA DURING PROCESSING .................................................................. 
227 
xv 
Abbreviations 
3D Printing Three Dimensional Printing 
DirectAIM Direct Aces Injection Moulding 
DMLS Direct Metal Laser Sintering 
DSPC Direct Shell Production Casting 
EDX Energy Dispersive X-ray 
FEA Finite Element Analysis 
FDC Fused Deposition of Ceramics 
FDM Fused Deposition Modelling 
FDMet Fused Deposition of Metals 
FGM Functionally Graded Material or 
Functionally Gradient Material 
HAZ Heat Affected Zone 
HIP Hot Isostatic Pressing 
LENS Laser Engineering Net Shaping 
LOM Laminated Object Manufacture 
LPS Liquid Phase Sintering 
MJM Multi-Jet Modelling 
PLT Paper Lamination Technology 
RP Rapid Prototyping 
RT Rapid Tooling 
SDM Shape Deposition Manufacturing 
SEM Scanning Electron Microscopy 
SFF Solid Freeform Fabrication 
SGC Solid Ground Curing 
SLA Stereolithography Apparatus 
SLS Selective Laser Sintering 
WDS Wavelength Dispersive Spectrometry 
XRD X-Ray Diffraction 
xvi 
A1203 Alumina; Aluminum oxide 
Cr3C2 Chromium carbide 
SiC Silicon carbide 
TiB2 Titanium diboride 
TiC Titanium carbide 
TiO2 Titanium oxide 
WC Tungsten carbide 
ZrC Zirconium carbide 
ZrO2 Zirconium oxide or Zirconia 
xvii 
Nomenclature 
Chapter 4 
d Distance into the graded structure [m] 
i (suffix) Numbering index 
l/ Layer thickness of the it' layer [m] 
L Total length of the FGM [m] 
n Compositional exponent [-] 
q Heat flux [W/m2] 
T Temperature [K] 
x Distance [m] 
XA , XB Volume fraction of material (phase) A and B 
xr Composition of the iý' layer in a two-material system (material B) 
2 Effective thermal conductivity [W/mK] 
AA,, Aa Thermal conductivity of phase/material A (or phase/material B) 
AT Temperature difference or change [K] 
Chapter 6 
A Absorbance [-] 
P Laser power [W] 
T Temperature [K] 
To Initial temperature [K] 
t Time [s] 
to Interaction time between laser and the material [s] 
x Variable in defined error function (erf(x)) and its complimentary error 
function (ierfc(x))[-] 
w Effective beam radius [m] 
z Distance into the powder bed [m] 
a Thermal diffusivity [m2/s] 
.ý Thermal conductivity [W/mK] 
Defined variable in error function (erf(x)) [-] 
xviii 
Chapter 8 
dV" Deviation of the maximum specific volume from the rule of mixtures [-] 
dVD* Deviation of the maximum specific volume due to the effect of particle ratio 
[-] 
Drano Particle ratio in a bimodal powder mixture [-] 
fi, Is, Fractional packing density of large and small powder [-] 
Maximum green density [- or %] 
H Homogeneity in a powder mixing of small and large particles [-] 
Vr Specific volume of the mixture [-] 
Vs, VL Specific volume of small and large particles [-] 
V" Maximum specific volume of a powder mixture [-] 
X Content of large particles in a bimodal powder mixture [-] 
X Corresponding composition/content of the large particles in a powder 
mixture of two sizes at the maximum density [-] 
d Thermal stress [MPa] 
LA E Difference of the elastic modulus of each constituent in an FGM. [GPa] 
A tc Difference between the coefficient of the thermal expansion of each 
constituent in an FGM [I 0"6/C or 10-6/K] 
Chapter 10 
c Laser system constant [-] 
dz Relative focal position from the beam waist [mm] 
E Pulse energy in Joule [J] 
f Repetition rate (or frequency) [Hz] 
h Pulse height [%] 
F, Average laser power output [W] 
V Peak power [W] 
v Feed rate or table speed [mm/min] 
w Pulse width [ms] 
xix 
Chapter 11 
n Number of measurement (surface roughness) [-] 
RQ Surface roughness [µm] 
r Bead radius [mm] 
Wa Surface waviness [µm] 
x Value of each measurement (surface roughness) [[Lm] 
a Contact angle in degree [degree] 
Chapter 12 
dy Average bead width [mm] 
0 Scan spacing [mm] 
Chapter 13 
da, db Density of constituent a and b, respectively [kg/m3J 
Wa, Wb Weight percentage of constituent a and b, respectively [%] 
va, vb Volume percentage of constituent a and b, respectively [%] 
Chapter 14 
d Oxide film thickness [pm] 
n Refractive index of oxide [-] 
A Wavelength of the laser irradiation [pm] (Nd: YAG laser 1.06 pm) 
xx 
1 Introduction 
The objectives of the research were to produce dense structures of tool steel and 
materials with functionally graded composition, so called Functionally Graded Material 
(FGM), using a Laser Powder Fusion technique. The background idea was based on the 
development of the Rapid Prototyping (RP) technique, where an engineering method is 
used to build up prototypes in an additive fashion. These processes are also known as 
layer manufacturing, additive manufacturing and solid freeform fabrication. Through the 
gradually mature development of RP-processes, the trend has moved forward to the 
tooling field or even manufacturing parts directly. 
Rapid Tooling (RT) involves processes and techniques for post-processing a model or 
part from a RP process or applying similar principles of RP in creating an insert or mould 
directly. To make moulds or dies directly from the RPIRT process is a direct answer to 
the demand of fast tool making. One of the advantageous features of the RP processes is 
usually the ability to produce parts with overhangs or undercuts quite easily with or 
without the help of a support structure. However, most RT tool materials suffer from 
insufficient strength or other poor mechanical properties. Laser Powder Fusion has one 
particular feature that it is less limited in selecting materials for this process. Engineering 
materials can be added at suitable positions to the base material to tailor the properties of 
the system. This could be done to add high thermal conductivity material in designing a 
conformal cooling channel or wear resistant material on the surface or a heat resistant 
material. 
Within this work the application of such advanced materials is aimed at high wear 
resistance applications, e. g. valves and seat inserts in car engines and also moulding dies. 
Producing a functionally graded material (FGM) by a laser-based process using the 
concept of layered manufacturing has not been widely investigated as a topic. The 
research areas involve Laser Powder Fusion, functionally graded materials and material 
characterisation. The importance of this work was to investigate the overlapping issues 
from these aspects. 
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Due to the increased need for shortened product development cycles, there exists a 
demand to rapidly fabricate functionally fully dense metal parts without hard tooling. A 
possible solution is direct layered rapid manufacturing of the part, for example, via laser 
fusion of metal powder. 
This development enables production of metal and inter-metallic tools or parts of limited 
volume, eliminating fabrication stages and reducing costs. Being able to shape conformal 
cooling channels in injection moulds is another strength of these Rapid Manufacturing 
processes. It is common among all these developments that the process takes place in an 
inert gas (usually Argon) environment in order to minimize oxidation. 
The trend of incorporating specific materials into one part is noteworthy. In the example 
of injection moulding tools, a high thermal conductivity material can be deposited around 
cooling channels and a wear resistant material can be included at other positions. This 
feature not only enhances the productivity of tools or increase the tool life, but also 
provides a new dimension of manufacturing technology. 
The following sections provide introductions to some available Direct Metal 
Manufacturing techniques. 
2.1 Laser Engineering Net Shaping LENSTM' 
The Laser Engineered Net Shaping (LENSTM) process was initially developed at Sandia 
National Laboratories and is now commercially available through Optomec Design Co. 
(Optomec, 1999; Sandia, 2001). The LENSTm process is a new solid freeform fabrication 
technology capable of producing metal parts with excellent properties directly from CAD 
files. A Nd: YAG laser is used to fuse powder with processing gas streams (usually argon 
or helium) which are injected into the melt zone. The process uses a computer model of 
the component to produce a tool path which guides the laser deposition system to form 
successive layers, as seen in Figure 2-1. 
2 
2 Direct Metal Manufacturing 
Figure 2-1: LENSTM process (Optomec, 1999) 
Through its design of a concentric nozzle combining the powder feed system and laser 
focusing unit together, this process is able to directly process many metal powders such 
as stainless steel, tool steel, and titanium to produce near net shape metal parts. Even 
processing different materials simultaneously is viable. 
The LENSTM process can create dense solid metal parts directly from (. STL) CAD files 
that are common to the RP industry. LENSTM produces metal parts with equivalent or 
superior properties and a microstructure that is denser than conventional wrought 
processes. 
The proprietary software package slices CAD/CAM models to control the motion of the 
part, flow of metal powders, and the laser beam fusing. The part can be produced within 
0.005 inch of the desired finish dimensions and has been demonstrated to have a 10 
micro-inch surface finish with post processing. The finished product can be used as 
tooling (such as dies for extrusion, metal shells, plastic injection moulding) or can 
function as the component itself (Optomec, 1999). The specification of a LENSTM 
machine can be referred to Table 2-1. 
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Laser system 700 Watt cw Nd: YAG laser 
Powder delivery system Multi jet through a concentric nozzle 
Positioning system 3-axis positioning with brushless DC 
servo motor drives and controller 
Build envelop 300 mm X 300 mm X 250 mm 
Processing gas Argon 
Monitor system Yes 
Software interface Standard . STL format 
System software Process monitoring 
Dimensional compensation 
Tool path generation 
Direct control of multiple powder feed 
units 
Material system 304 & 316 Stainless 
Iron-Nickel Alloys 
H13 & MM10 Tool Steels 
625,690 & 718 Inconel 
Titanium alloys 
Tungsten 
Haynes 230 
Nickel Aluminide 
Table 2-1: Specifications of LENSTM 750 from Optomec Design, source: (Optomec, 
1999) 
Griffith processed H13 tool steel powder using the LENSTM process and measured the 
temperatures in fused layers (Griffith and Schlienger, 1998). After the initial peak in 
temperature, the heat is quickly conducted away in about 40 seconds to give a value of 
150°C. In the LENSTM process, each subsequent pass reheats the previous layers, such 
that even after seven layers, the part receives a recurrent temperature of 800°C, and after 
eleven subsequent layers the thermocouple still measures temperatures up to 600°C. 
After each deposition pass, the part cools down to 150°C, but the part has received an 
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integrated reheat which can affect the material's properties including residual stress and 
mechanical strength due to tempering or aging effects. 
The last five layers do not receive the integrated heat treatment and retain the martensitic 
phase with a high hardness of 59 HRC (Rockwell Q. The lower layers undergo many 
thermal excursions and result in a lower HRC (Griffith and Schlienger, 1998). 
2.2 Directed Light Fabrication (DLF) 
Directed Light Fabrication (DLF) is an additive processing method that fuses metal 
powders, delivered by inert gas into the focal zone of a high powered laser beam, to form 
a fully dense metal deposit. The principle is quite similar to the laser cladding and 
LENS' processes. This technique is being explored by the Los Alamos National 
Laboratory in the USA. 
Computer aided design änd manufacturing (CAD/CAM) was used to simulate and to 
specify the metal deposition process for the formation of a three-dimensional part using 
Inconel alloy 690. 
A hexagonal bar (side length 27.94 mm, length 356 mm) with 7 equal holes was built in 
120 hours without manual intervention. It was claimed that the final part achieved its 
near net geometry and dimensional accuracy, after a finish grinding pass to remove 
0.25 mm on all surfaces (Milewski et al., 1999). 
Some noticeable points can be drawn from the above study: 
" The initial deposition path used a raster scanning pattern which resulted in an 
unwanted build-up of fused material, particularly on narrow wall sections. Due to the 
part geometry, a large number of short starts and stops (i. e. acceleration and 
deceleration) were associated with the retractions and traversal movements and this 
made smooth fully fused layers difficult to achieve. 
"A modified spiral tool path with fewer interruptions ensured a smoother deposition 
and spent less time in traverse moves, starts and stops. However, small unfused 
regions were observed in the areas with variations of the scan spacing. 
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" The final tool path was optimised through selecting a smaller tool size parameter in 
these difficult regions where voids and pores resulting from insufficient fusion were 
consequently eliminated (Milewski et al., 1999). 
2.3 Direct Metal Deposition from POM 
The POM Company positions itself in the market as a service bureau and "OEM " of its 
Direct Metal Deposition (DMDTM) equipment. 
The process is a laser-based powder metal fabrication process, providing a near net shape 
part, fully dense metal mould or die cavity directly from a solid CAD model, as 
illustrated in Figure 2-2. The POM Direct Metal Deposition process can also salvage and 
repair cracked, broken, eroded or heat checked surfaces. Damaged surfaces are replaced 
with tool steel alloys or custom POM alloy compositions (POM, 2000) (McPhail, 2001). 
C02 Laser Beam 
Nozzle Shielding 
Gas 
Final Focus Optics 
To Powder Feeder 
Feedback 
Sensor 2 
-i 
Solid Free Form 
Shape by Direct 
Deposition 
Substract or Die 
Preform 
Figure 2-2: Direct Metal Deposition process (POM, 2000) 
In a case study of comparing manufacturing aircraft frames using Direct Metal 
Deposition, machined billet or casting, DMDTM had the shortest time of "design to first 
finished" component among the three production routes. It was shown that the most 
significant cost factor in this comparison was the buy-to-fly ratio of raw material usage, 
which was similar for the DMDT"' and casting. However, DMDTM would be expected to 
have greater microstructural consistency since the process is additive and the overall 
cooling rates experienced throughout the part would be less varied (Calder, 1999). 
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2.4 Laser Powder Fusion 
Developed by Krupp AG in Essen, this method combined the features of Selective Laser 
Sintering and metal welding to fabricate fully dense metal components (Peterseim and 
Luck, 1997). 
A high power CO2 laser scanned the pre-laid H 10 tool steel powder which was preheated 
to 250°C. The tool steel powders melted due to the high energy input and consolidated to 
nearly full density. The laser set-up and processing of the H 10 tool steel powder are 
shown in Figure 2-3(a) and (b), respectively. In Figure 2-4, a forging tool of ca. 120 mm 
in diameter and ca. 80 mm in height was produced to demonstrate the capability of the 
process. 
I 
p 
Figure 2-3: Photographs of the Laser Powder Fusion process at Krupp 
Figure 2-4: Picture of a forging tool 
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2.5 Laser Additive Manufacturing from AeroMetTM 
AeroMet's Laser Additive Manufacturing technology is based on research performed 
jointly by the Applied Physics Laboratory of The Johns Hopkins University, the Applied 
Research Laboratory of Penn State University and MTS Systems Corporation in 1996 
and 1997. The programme addressed the flexible fabrication of titanium for applications 
in the aerospace industry. Later AeroMetTM was founded in 1997 as a subsidiary of NITS 
Systems Corporation and has installed a large-scale laser forming system (Aeromet, 
2000). 
An 18 kW CO2 Laser is employed. The materials used are titanium alloys such as Ti- 
6Al-4V and other alloys such as Ti-5A1-2.5Sn. The process is illustrated in Figure 2-5. 
The met 'Laser Additive 
Manufacturing Process 
Process Z 
coordinate system y 
Deposition nozzle \, - 
N 18kW C02 laser 
Re-solidified 
titanium alloy 
Pre-alloyed or mixed 
elemental powders 
Molten titanium 
Figure 2-5: Illustration of the AeroMetTM's process (Aeromet, 2000) 
Due to the layered nature of the AeroMetTM process, the surface of the deposited material 
is ribbed (depending on the layer thickness) and fairly rough, as seen in Figure 2-6(a). In 
Figure 2-6(b), the deposited preform is machined to the exact dimensions as required. 
Typically, approximately 2.5 to 5 mm of excess material is deposited which must be 
machined to produce the final part shape. The difference between AeroMetTM's process 
and other laser metal deposition processes is its large scale and readiness for commercial 
production. 
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Figure 2-6: Preform by the AeroMet's process and the finished part (Aeromet, 2000) 
2.6 Academic Research 
The research group of the Laboratory of Freeform Fabrication at the University of Texas, 
Austin, USA is one of the pioneers in areas of Selective Laser Sintering (SLS) and 
related techniques. A process combining SLS and hot isostatic pressing (HIP) was 
developed to net shape a missile component of titanium alloy and an aircraft engine vane 
of Inconel 625 (Suman Das et al., 1998) (Suman Das et al., 1999). A similar process was 
extended to a superalloy cermet (MAR-M-247) to fabricate 100 prototypes of a turbine 
abrasive tip (Suman Das et al., 2000). In another paper about the preparation of titanium 
alloy powder for SLS, it was concluded that the moisture and residual gases in the 
powder had a negative effect in processing (Engel and Bourell, 2000). Mould inserts 
produced by SLS have been employed to manufacture low volumes of plastic parts. 
Barlow calculated the stress distribution in relationship to the part geometry and various 
processing conditions. They concluded that care should be taken to adjust the cycle times 
in applying such kind of prototype mould inserts because the thermal conductivity of the 
SLS-tool was different to steels and this also needed to be taken into account while 
designing the tool (Barlow et al., 1996). 
In addition to SLS and HIP processes, a new process capable of laser sintering multi- 
materials has also been developed, in which various ratios of WC-Co powder mixtures 
were laser sintered into a structure with graded compositions, namely Functionally 
Graded Material (FGM) (Jepson et al., 1999). This multi-material SLS process was also 
developed to produce cores for sand casting by using two different materials at the same 
time. This avoided the existing problems of removing unsintered sand and possible 
damages. The sacrificial second material could also increase the green strength and 
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reduce the overall post-processing time (Jackson et al., 2000). To represent the 
compositions of an FGM in CAD modelling, a method called "Volumetric Multi- 
Texturing", was proposed to represent a three dimensional density gradient by exploiting 
hypertexturing and volumetric density functions. This method utilized procedural and 
implicit methods to design density information (Park et al., 2000). 
Mazumder and co-workers at the University of Michigan, USA produced fully dense and 
functional dies of H13 tool steel for plastic injection moulding (Mazumder et al., 1997). 
Powder was fed into the melt pool by a co-axial nozzle and processed by a6 kW C02 
laser. The product had a surface finish (Ra) in the range of 25 to 125 µm. Additionally, 
extensive work on designing macro and microstructures of deposited materials was 
carried out (Mazumder et al., 1999). Mazumder also investigated the theoretical 
background and modelling of the processes and dynamics in various laser material 
processing (e. g. cladding and welding) (Mazumder et al., 1996) 
Yevko and co-workers at the University of Toronto, Canada focused their investigation 
on the issues of fabrication of single claddings. In addition to the theoretical study, 
computer simulation was employed to investigate the effects of process parameters on 
the cladding's geometries. The findings showed comparable results with experiments 
processed by a1 kW Nd: YAG pulsed laser (Yevko et al., 1998). 
Various material systems have been investigated for selective metal powder sintering at 
the Katholieke Universiteit Leuven in Belgium with emphasis on the hard metals or 
cermets. These powders included WC-Co, Fe-Cu, TiB2-Ni and TiC-Ni/Co/Mo etc. 
Liquid phase sintering was chosen as a binding mechanism between the main structural 
material and the binder (a low melting point metal) (Kruth et al., 1998; KU Leuven, 
2001). Powder blends of different ratio of WC (less than 45 µm) and Co (less than 38 µm) 
were laser sintered with a Nd: YAG and a CO2 laser respectively. The Nd: YAG laser had 
a deeper thermal penetration into the powder due to higher absorbance of the material to 
this wavelength and gave an increase of 25% to 35% in thickness, when compared with 
CO2 laser at the same energy level. However, the sintered density was about 40% and 
this low value was believed related to the low packing density caused by the prismatic 
and relatively coarse WC particles (Laoui et al., 1998). Three new binders were 
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developed for WC particles for metal powder sintering to replace the expensive cobalt 
(Laoui et al., 1999). 
Metal components were produced using robotic are welding by depositing metal in the 
weld pool at Cranfield University, UK, where the CAD model was generated in 
AutoCAD and customized and sliced by an add-on programme routine. A metal "pint 
glass" about 180 mm high and 3 kg was built up in about an hour. The measured 
dimension in the end varied ±0.2 mm in width and less than 0.5 mm in height loss 
(Riberiro, 1998). 
A similar process called Laser Direct Casting (LDC) has been developed at the 
University of Liverpool (McLean et al., 1997). Due to the variation of the model's 
geometry, the temperature in the melt pool hardly remained constant and poor heat 
dissipation occurred at the some points in profile, e. g. the end of the bead wall to increase 
the layer modulation and roughness of the surface finish. O'Neil and co-workers have 
been applying a Q-switched Nd: YAG laser to process 316L stainless steel with an 
average size of 20 µm. It was found that higher Q-switched frequencies produced better 
surface quality and greater densities (ONeill et al., 1999b). The effects of laser pulse 
energy, laser beam intensity, pulse frequency, and environmental gas control on the 
integrity of the fused powder layer were also investigated (ONeill et al., 1998). The 
system was also extended to fabricate a porous membrane with nearly 60,000 through- 
holes of 70 pm entrance diameter by laser drilling. A catalyst layer was produced by 
laser fusing a 100 pm thick layer of Ni powder on a Ni substrate and the resulting 
catalyst had a considerably higher surface area than that achieved by grit blasting 
(O'Neill et al., 1999a). Thin walls and cubes of 316L were produced by the Direct Metal 
Laser Re-melting (DMLR) process using a Q-switched Nd: YAG laser. A special scan 
strategy was developed and was able to fabricate components with porosity less than 1% 
(Morgan et al., 2001 a; Morgan et al., 2001 b). 
2.7 Summary 
The latest advances in High Speed Machining metal removal rates and new software for 
programming have meant that Rapid Tooling is not now considered "rapid" or "low cost". 
However, RP and RT have their unique advantages. Firstly, no fixturing is required, 
which usually takes considerable time and work in many tooling processes. Being able to 
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add or subtract different materials within a part, to create functionally graded materials 
with discrete or gradual change in composition, to build up components with a hollow 
structure, overhangs or undercuts which are extremely difficult in conventional ways are 
the unique strengths of Rapid Prototyping and Manufacturing. These should rather be 
seen as complementary to high speed machining. These Rapid Manufacturing processes 
can also dramatically reduce the production cost in fabricating refractory metals and 
alloys which cannot be done through conventional methods. 
A closely controlled powder feed mechanism is decisive in fabricating a smooth surface. 
The fluctuation in flow rate results in dross or a porous structure. The precision of the 
final product also depends on the size of the melt pool which is controlled by many 
process parameters, e. g. beam diameter, laser power, transverse velocity and the 
shielding gas. However, all these Rapid Manufacturing processes still need machining to 
obtain an acceptable surface finish. 
Until now, all the systems with a powder feed mechanism have difficulties in producing 
overhangs or undercuts. It is possible to deposit a support material while processing. 
Nevertheless, the support material needs to sustain the high processing temperature of the 
metal or ceramic materials and should be removed easily after the process is complete. 
These requirements make finding a suitable support material difficult. Support from 
excess powders, as in a SLS system, is not available in a powder feed system. 
The advantages of a powder feed system are 
0 It is possible to deposit different materials or materials of various composition (e. g. 
FGM) 
" Material is fed where it is needed. This eliminates the problem of recycling of 
powders. It is also cost-effective, especially when the material is expensive. 
" Embedding other components may be possible. 
" Through proper design of the nozzle the powder stream can be preheated in the 
nozzle, e. g. making powders cross the laser beam within the nozzle's conical tip. 
" It is able to thermally process or repair existing parts, e. g. turbine blades. 
The disadvantages of a powder feed system are 
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" It needs a precise control over powder deposition and flow rate. 
9 Due to lack of support structure or material, there is a limit on the part geometry. 
Only shapes without overhangs and inclined features can be made easily. 
" Due to the thermal gradient around the melt pool, it is quite possible to have particles 
sintered to the surrounding surfaces. 
9 Part size is also constrained by the inclined powder injection mechanism, which may 
take up space in the building chamber. 
On the contrary, the powder bed system appears simpler. It usually consists of the 
powder container which spreads powder across the platform and sequentially levels the 
surface by an edge (e. g. EOS system)(EOS GmbH, 2002). Alternatively, the powder 
accumulates at the side of the building area by pushing up the material from the powder 
tank through a piston underneath. A levelling roller will then traverse the platform (e. g. 
3D Systems) (3D Systems, 2002). 
The greatest merit of a powder bed may be the feature that the loose powder can act as a 
support for the fused parts. In most situations, the operation and handling does not need 
much thought. However, if the part curls or warps during the process, the powder coating 
mechanism may come into contact with the warped corner, move or even drag the part 
and stop the process in the worst case. The powder is placed in the processing chamber, 
which is usually preheated, and the powder can be thermally affected by the heat 
conduction and convection. The material properties of these "used" powders may differ 
from the totally new material. Usually they are re-usable by blending with new powders 
in a certain ratio derived from experience. 
A hybrid system combining the characteristics of powder feed and powder bed 
mechanism would definitely be advantageous. Parts are additively produced in most RP- 
evolved processes. On the other hand, most conventional methods are subtractive. A 
system uniting both these features may also have its niche in the future. 
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Resistance of Materials 
There are numerous processes to enhance wear resistance of materials and the selection 
depends mainly on the base and surface material properties and their physical and 
chemical interactions, if applicable. 
The processes can be divided into three generic groups: 
" Surface treatment, e. g. mechanical surface working, thermal surface hardening, 
carburising, carbonitriding, nitriding, nitrocarburising, pack processes, high 
temperature salt bath processes 
9 Surface coating, e. g. chemical vapour deposition, physical vapour deposition, thermal 
spraying, welding, laser cladding, metallic dipped coating, polymeric and plastic 
coatings, elastomer coatings (Matthews, 1988) 
" Novel approaches, e. g. functionally graded materials, Solid Freeform Fabrication 
technologies (LENSTM, DLF or RP) 
3.1 Surface Transformation Hardening 
Heating carbon steel until it becomes austenitic (over 720°C) allows all the carbon to 
diffuse into the crystal structure. If the material is cooled so quickly that the carbon 
cannot move out of the lattice as it changes back to ferrite, the stresses deform the lattice 
making a new structure called martensite. Due to the formation of the martensite layer in 
hardening, it increases the possibility of component fatigue. 
This process is called transformation hardening. If a laser is used as a heat source, it can 
provide controlled heating of a small area near the surface (on the surface and to 0.1- 
1 mm in depth). Compared with heating the bulk material in a furnace, laser processing 
offers a more cost-effective solution (Wissenbach, 2000). The power density level of 
laser surface hardening is in the order of 103 to 104 W/cm2, wherein heat conduction 
plays the most important role determining the time required for phase transformation 
(Steen, 1998). 
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3.2 Laser Surface Melting/Alloying 
Laser surface melting is used to refine or modify the microstructures. A laser brings the 
material to the melting point, but the process is less intense than laser welding to avoid a 
keyhole. The cooling is so rapid that a fine grain structure with no alloy segregation is 
formed, the fine grains being harder than the coarse grains. The virtual elimination of 
segregation produces a homogeneous material that is less prone to intergranular 
corrosion (e. g. electrochemical corrosion between alloy phases) (Gasser et M., 1997) 
Many automobile components are made in cast iron and laser surface melting can 
improve performance of the material. Typical examples are camshafts, rockers and spring 
supports. Laser surface melting of camshafts has been adopted by VW for its Polo model 
(Mordike, 1997). The power density is in the order of 105 to 107 W/cm2. 
3.3 Laser Cladding 
Additional material is fed into a molten pool on the surface and this is done in a 
controlled manner so that the added material does not completely mix with the work 
piece material. The product consists of a series of overlapping solidified clad layers and 
this additional material enhances the required characteristics of the component, e. g. wear 
resistance or high temperature corrosion resistance. 
A Mn-Al bronze coating has been laser-clad onto an Al alloy AA333 substrate free of 
porosity and cracks. The result improved the hardness of the surface three to four times. 
Three important process parameters, laser power, substrate traverse speed and powder 
feed rate, were highlighted for their influence on wear rate. Wear rate seemed to decrease 
with increasing traverse speed and laser power, and increased with increasing powder 
feed rate (Kelly et al., 1998). 
Cladding can also be used to repair worn parts by rebuilding the section and this 
principle can be extended to RP by building up the whole part. 
The power density is in the order of 105 and 106 W/cm2 similar to laser surface melting. 
Convection and mass transfer determine the microstructure and composition of solidified 
material (Steen, 1998). 
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A WC/Co cemented carbide reinforced nickel-based alloy coating was fabricated by a 
CO2 laser cladding process, where laser power was 2 kW, traverse speed 4 mm/s and 
diameter of laser spot 5 mm. The coating was added on an AISI 1045 steel substrate. The 
reinforcing effect of WC/Co was confirmed and improved the wear resistance of the 
coating due to the diffusion of an alloying element from the steel substrate (Wang et al., 
1996). 
3.4 Thermal Spraying 
Thermal spray coatings are used extensively where damage from sliding or erosion is 
encountered. In a study of tribological behaviour and wear in relation to the 
microstructure of sprayed coatings, three powders were sprayed with a High Velocity 
Oxygen Fuel system onto degreased, sand blasted mild steel substrates. Although both 
the 88/12 WC/Co and the WC-lOCo-4Cr coatings exhibited similar hardness levels 
(-1255 HV), 88/12 WC/Co showed the highest wear resistance, because the coating of 
WC-IOCo-4Cr contained areas of brittle rl-phase in the starting powder. The Cr3C2- 
25NiCr coating had a lower hardness and a transition of wear behaviour was observed as 
the load increased to 400 N due to its brittle fragmentation of the chromium carbides 
(LaVecchia et al., 1999). 
Metallic alloy-titanium carbide materials were found promising for thermal sprayed 
coating and had very good resistance to abrasive wear (Vitiaz et al., 1996). Uniform 
distribution of fine TiC grains within the alloy and good component bonding was 
characterized and the findings were useful for the aerospace, chemical and textile 
industries, such as transmissions, engines, pump crankshaft or a corrosion resistant layer 
for vessels in an aggressive environment etc. 
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Functionally Graded Material (FGM) is a form of composite containing a continuous or 
discontinuous variation in composition and microstructure. The gradient can be tailored 
to meet specific needs while providing the utilisation of composite components. 
4.1 Introduction 
In the development of new materials there are two approaches. One is to develop a new 
material that differs completely from any present materials. The other option is to 
develop new functions for existing materials. The development of composites satisfies 
both of the above approaches (Hirai, 1996). 
One type of composite aims to reinforce material properties by mixing a dispersed phase 
homogeneously within the matrix. Another type of composite is characterized by having 
different material characteristics on separate surfaces or in separate parts. Typical 
examples are coatings to enhance the surface properties. 
However, the sharp boundary existing within the structure often exhibits various adverse 
effects on the material properties. As a result, the research and development of new 
materials started in Japan in the 1980s and aimed at eliminating the macroscopic 
boundary to improve the material's functions. These materials are called Functionally 
Graded Materials (FGMs). The concept of a graded composition is illustrated in Figure 
4-1. 
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(a) (b) (c) 
Figure 4-1: Illustrations of (a) homogeneous composite, (b) coated or jointed-type 
composite, and (c) FGM 
Functionally Graded Materials have a gradually varied composition between different 
constituents. Through eliminating such mismatch of material properties, thermal 
(residual) stresses in parts that possibly cause fatigue can be significantly decreased. At 
the same time, the properties of an FGM are engineered to fulfil the various requirements, 
as seen in Figure 4-2, where these requests are more difficult to meet completely through 
the approach of composite materials or conventional material processing methods. 
Figure 4-2: Example of different requirements of material properties in different 
locations within a part (POM, 2000) 
There are numerous potential applications for Functionally Graded Materials. Drill bits 
used in the petroleum industry require extreme hardness to maintain a sharp cutting edge 
while being resistant to brittle fractures. Such functional requirements can be met by 
WC/Co where tungsten carbide provides the required hardness and cobalt provides 
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ductility and fracture resistance. The use of FGMs should therefore increase cutting 
performance and improve the fracture resistance of the component. In this application, 
the measured hardness across the FGMs at different locations of the composition gave 
values as expected for each combination as stated in the ASM handbook. The hardness of 
HRA 90 (Hardness Rockwell A) at the composition of 10% Co reduced with increasing 
cobalt content to about HRA 60 at the composition of 90% Co (Jepson et al., 1999). 
The better customised material properties ensure that FGMs are more reliable and 
durable. In addition, FGM will discharge many acoustic emissions during failure due to 
its structure. The acoustic emission equipment widely used in monitoring the service of 
various components can also be utilized to detect FGM's failure (Lin, 1994). 
4.2 Compositional Profile 
When mixed particles have dissimilar properties, the connectivity becomes important. 
Unlike homogeneous materials, the properties of FGMs not only vary with their 
composition, but also depend on the connectivity of the network structure. Figure 4-3 
shows a schematic representation of the common microstructure occurring in a material 
as the content of the second phase is increased. At low volume fractions the second phase 
exists as isolated particles dispersed within a matrix phase. As the content of the second 
phase increases, the particles begin to have contact and form agglomerated clusters. As it 
increases further, a critical microstructural transition takes place where the second phase 
is no longer dispersed but rather becomes interconnected over long distances. The 
transition has a profound effect on the material properties, e. g. thermal or electrical 
conductivity and a small change of composition will therefore result in a distinct 
variation in properties. 
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Figure 4-3: Schematic of microstructural changes in cross-sections of an FGM 
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Connectivity in microstructure can be studied using percolation models. These models 
treat the microstructure as a network of nodes and interconnections in which composition 
is measured by the number of completed connections or occupied nodes. The percolation 
problem can then be analysed using fractal theory. The phase connectivity in a two-phase 
mixture is described by the Betti number which is a topographic parameter to 
characterise this unique feature (Miyamoto et al., 1999). The critical composition for 
second phase connectivity has been found to depend on several factors, including the 
packing arrangement, particle shape of the second phase and the size ratio of the 
constituents (Miyamoto et al., 1999). 
Modelling an FGM's topology and composition was approached by Jackson and co- 
workers. Their method was based on subdividing the solid model into sub-regions and 
associating analytic composition blending functions with each region. These blending 
functions defined the composition throughout the model to achieve local composition 
control (Jackson et al., 1999). 
There are many possibilities to design and model the compositional change. For a two- 
phase system, the phase distribution is commonly described by a power law equation: 
n 
Xß L 
and xA =1- xB, 
eq. 4-1 
where xA, xB represent the volume fraction of material (phase) A and B, respectively. d is 
the distance into the graded structure and L represents the total length of the FGM, and n 
is the compositional exponent, as shown in Figure 4-4. 
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Figure 4-4: Different compositional profiles by varying the exponent in the power 
law equation 
4.3 Characterization of Properties 
The simplest method to estimate the transitional composition in FGM is to apply the rule 
of mixtures. Using a similar method to calculate a classic problem of heat conduction in 
a body consisting of multiple layers, the thermal conductivity and temperature gradient 
of a one-dimensional FGM can be then determined. 
4.3.1 Thermal Properties 
4.3.1.1 Coefficient of Thermal Expansion 
The thermal expansion or contraction of a material is characterised by the coefficient of 
thermal expansion and the temperature difference experienced. Due to the varied 
composition and structure in an FGM, thermal expansion from different components 
significantly affects the FGM's function and mechanical performance. Much research has 
been devoted to studying the thermal expansion in FGMs in order to optimise the graded 
composition through the relaxation of thermal stress. The coefficient of thermal 
expansion (CTE) can be measured with a dilatometer. A detailed measurement in two- or 
three-dimensions can be done with laser interferometry or digital image correlation. 
(Miyamoto et al., 1999) 
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4.3.1.2 Thermal Conductivity 
The heat flux 4 transferred into a medium can be written as 
dT q= -ý eq. 4-2 
where A represents the material's thermal conductivity, T the temperature and x distance 
respectively. If the heat flux flows through the direction of change in composition, the 
effective thermal conductivity 2 of the graded material can be written as adding the 
thermal resistance together in eq. (4-2). 
ßf L0 A(x) eq. 4-3 
wherein L is the total length of the FGM. Nevertheless, the thermal conductivity A(x) as a 
function of location x is usually unknown or hard to obtain. An approximation will be to 
treat the graded material as a laminate of numerous layer thickness lj. 
1_1n1, 
L eq. 
4-4 
c iýl t 
h 
L=ý1, 
isl 
For simplicity, the layer thickness is assumed uniform. The composition of phase B at the 
it' layer is, according to the eq. (4-1) 
l1xX, eq. 4-5 =L 
wherein the index i starts from zero. 
The thermal conductivity of the Ph layer follows the rule of mixture as 
At =2A "(1-x, )+AB -x, eq. 4-6 
By inserting eq. (4-6) into eq. (4-4), the effective thermal conductivity of the laminate 
can be determined 
-1 n 
=11, eq. Li- 
1 
'[AA('-xf)+AB'xrl 
. 4-7 
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4.3.1.3 Temperature Difference across a Laminate under a Thermal Load 
If the graded structure is assumed to be approximated by a laminated structure of uniform 
layer thickness, the effective thermal conductivity can be calculated from equations (4-4) 
and (4-6). The temperature across the laminate material with length L can be obtained 
from the following equation: 
OT= 2e eq. 4-8 
Figure 4-5 shows the temperature difference as a function of the compositional exponent 
n under a given thermal load 4. In practice, it means the temperature gradient can be 
controlled by optimising the compositional exponent n. In this example, the temperature 
difference across the laminate increases with increasing n. A great temperature gradient 
in a material also implies increasing thermal stresses which may have adverse effects on 
the material properties. 
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4.3.1.4 Design of the Compositional Profile for a Laminate under a Certain 
Thermal Boundary Condition 
Another common situation is to find out how to design the graded composition of a 
material which is forced to sustain a temperature gradient. For example, when the space 
shuttle enters the atmosphere, the aircraft will experience a huge temperature gradient 
across the materials. Similarly thermal barrier materials need to perform under a huge 
temperature difference across their structure. In a tooling application, a casting die also 
experiences a great temperature difference existing from its surface to its core. 
In Figure 4-6, a laminate of varying composition of material A and B is put under a given 
thermal load 4 =3.106 W/m2. Supposing the temperature difference across the laminate to 
be 1000 K, the necessary thickness of graded structure for a specified compositional 
exponent can be looked up from the curves and vice versa which is helpful in designing 
and optimising an FGM's thermal properties. 
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4.3.2 Mechanical Properties 
The microstructure of FGM changes spatially. Therefore, the toughness and strength of 
an FGM cannot be evaluated simply by conventional fracture mechanics (Miyamoto et 
al., 1999). The analysis and measurement of elastic properties and the influence of 
thermal stresses will be addressed in the following text. 
4.3.2.1 Elastic Modulus 
For determining the overall Young's modulus of an FGM, the usual stress-strain curve 
can be measured by attaching a strain gauge to the sample's surface during the four- 
point-bending test. The dependence of Young's modulus on an FGM's composition can 
be estimated by measuring the flexural resonant frequencies of a rectangular bar 
specimen using a forced-resonance technique. 
Alternatively, the distribution of the Young's modulus and Poisson's ratio can be 
measured simultaneously by using a line-focus-beam (LFB) acoustic microscope 
(Miyamoto et al., 1999). The relative intensity of the received surface-reflected wave is 
measured as a function of the distance between the acoustic lens and the specimen. From 
the measured surface acoustic waves, the Young's modulus and the Poisson's ratio can 
be derived (Miyamoto et al., 1999). 
4.3.2.2 Deformation and Strength 
Both the strength and the deformation of an FGM are commonly evaluated by tensile 
tests and three or four-point bending tests. The residual stress, originating from the 
cooling of the processing temperature, has a strong influence on the tensile behaviour of 
FGMs by shifting the stress state to tension or compression, and by strain hardening 
when the elastic limit is exceeded (Miyamoto et al., 1999). 
4.3.2.3 Thermal Stresses 
Thermal stresses come from the constraints in deformation of components that are 
subject to certain thermomechanical boundary conditions such as inhomogeneous 
temperature distribution in a homogeneous component; uniform heating of an 
heterogeneous component (e. g. a metal /ceramic joint) or rapid heating and cooling of a 
part's surface. For FGMs, these conditions are (almost) all involved. 
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Therefore, to develop an FGM, one must know the thermal stress present in each of these 
conditions. The relation between the estimated thermal stress and the observed fracture 
mode can be used in defining the design criteria (Miyamoto et al., 1999). 
4.4 Processing Technologies 
Several processing routes have been explored for the fabrication of FGMs and these 
techniques are classified below (Zavaliangos and Li, 1998; Miyamoto et al., 1999): 
1. Bulk processing in which premixed powder is stacked in a stepwise or continuous 
manner according to the predesigned and engineered spatial distribution of 
composition. The powder will then be consolidated, where the options include sinter, 
hot press or HIP etc. 
2. Layer processing, where the materials are deposited on the surface by a laser (e. g. 
laser cladding), high pressure (thermal spraying), high voltage electrodes 
(sputtering), high-energy electron beams (PVD) or induced chemical reactions 
(CVD). 
3. Preform processing by means of heat or mass diffusions. The preforms can be either 
dense or porous. A simple example is to infiltrate a porous structure with another 
material. By applying thermal gradients or pressure, FGM can be produced. 
4. Melt processing, including settling under gravity or centrifugal force. It is difficult 
to control the compositional gradients. 
The area of producing FGM using laser-based layer manufacturing technologies has not 
been well explored. Combining the advantages of Rapid Prototyping & Manufacturing 
processes and the perspectives and benefits provided by FGM give new opportunities in 
many applications. This was one of the motivations of this research work. 
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Powder Fusion 
This chapter describes Laser Powder Fusion to manufacture FGMs. General 
characteristics of laser material processing are still applicable. As mentioned previously, 
the material particles are joined together under the laser spot, while the applicable 
powders range from thermoplastic, ceramic to metal powders. The capability to create 
one-off parts for various applications or high performance tools is promising for this 
technology. 
5.1 Liquid Phase Sintering (LPS) 
The concept of sintering can be categorized into two forms. One is focused on 
densification, where materials are processed to full density by sintering at relatively high 
temperatures. Materials like silicon nitride, cemented carbides, steels and silicon carbide 
are sintered to fully dense structures for cutting tools, tips and many other industrial 
applications. The other form is, on the contrary, to minimize the dimensional change and 
shows controlled porosity for filters, bearing, and permeators etc. (German, 1996). 
Sintering temperatures are usually between 0.5 and 0.8 of the absolute melting 
temperature, when the process is commonly referred as solid-state sintering. The mass 
transport mechanisms, depending on the sintering stage, include surface diffusion, 
volume diffusion, grain boundary diffusion, viscous flow, plastic flow, and even vapour 
transport from solid surfaces (German, 1996). 
If the sintering temperature increases, liquid generates and prevails during the sintering 
cycles. The liquid improves the mass transport rates and also exerts a capillary pull on 
the particles to facilitate densification. The advantages of cost and shortened processing 
time means that more than 70% of sintered products are manufactured with the presence 
of a liquid phase (German, 1996). 
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The classic liquid phase sintering stages involves mixed powders which forum a 
nonreactive liquid on heating and allow subsequent particle rearrangement and 
densification by solution-reprecipitation and solid skeleton sintering. Solution refers to 
solid dissolution into the liquid, while reprecipitation refers to solid leaving the liquid by 
precipitation on existing grains. Both processes occur simultaneously during liquid-phase 
sintering. Solid skeleton sintering is the final stage of liquid phase sintering and is 
controlled by densification of the solid structure. The rigid skeleton of contacting solid 
grains makes densification slow and microstructural coarsening may happen. A 
schematic diagram of liquid phase sintering is given in Figure 5-1. 
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Figure 5-1: Stages of liquid phase sintering (German, 1996) 
5.2 LPS in Laser Processing Powders or FGM 
To create a dense structure of multiple materials through a laser-based process of powder 
deposition, there are basically a few approaches regarding the employed powder system. 
The first one is to coat the structural material with another material, usually of lower 
melting point. A parallel example is the indirect laser sintering in rapid tooling. 
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LaserFormTm powders from the 3D Systems Vangaurd sintering station (previously DTM 
system), where the coating material is PMMA polymer binder. Likewise, polystyrene and 
polyethyleneglycol coated SS316 powder was developed by the Frauenhofer Institute of 
Chemical Technology (ICT) (Shen et al., 1997). 
It is also possible to apply pre-alloyed powder with a desired composition. The 
disadvantage is that such pre-alloyed powder may not always be commercially available. 
Furthermore, there are many factors involved in the atomization of metals which make 
the powdered materials behave differently from the bulk material (Van der Schueren and 
Kruth, 1995). This may complicate the control of different chemical constituents in the 
powders. However, Kruth also showed that pre-alloyed powder (WC-Co) yielded higher 
SLS green densities and strength as compared to processing of mixtures of individual 
powders. The resultant microstructure was also finer and exhibited less porosity with the 
pre-alloyed powder (Kruth et al., 1998). 
The third method is to mix separate components in the powder mixture. A commercial 
example is the low melting point mixture of bronze-nickel or bronze-stainless steel 
powders by EOS, Germany (EOS GmbH, 2002). The major concerns include the degree 
of mixing due to the different density of each component and the various behaviour of 
different powders to the laser irradiation. Segregation of different phases in the powder 
mixture and in the fused sample may cause undesirable inhomogeneity of material 
properties. The advantage of this approach is that it is simple and able to achieve a high 
level of packing density by blending powders of different particle sizes. 
Powder systems with a polymer binder or metals of low melting point have been 
generally used as metal prototypes or in batch production of parts in low volume. Some 
structural materials, e. g. stainless steel or tool steel powders, have been developed for 
directly making parts or tools. It is clear that the production of dense structures directly 
by laser-powder deposition without any furnacing or infiltration procedure needs to melt 
the materials or at least the material of lower melting point by taking advantage of the 
liquid-phase sintering. 
Moreover, the interaction time of the laser and powders is usually less than one second 
and the powder rearrangement mainly relies on the melt and capillary penetration 
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(Schwendner et al., 2001). Despite the short time of powder densification, a benefit of 
laser-powder deposition is the limited grain growth at high temperatures due to rapid 
solidification rates. Such characteristic microstructure usually gives material a higher 
strength and hardness which is an advantage for many industrial applications. 
It is worth noting that there will be the thermodynamic enthalpy of mixing involved, 
when some alloying reactions occur during the laser deposition. The factor, depending on 
the endothermic or exothermic effect, influences the homogeneity as well as the rate of 
solidification of the alloy and consequently the microstructure and properties of the 
deposit (Schwendner et al., 2001). 
The research at the University of Texas, Austin has primarily focused on developing a 
modified RP system to allow the fabrication of parts with multi-components or FGM. 
The material chosen was pre-alloyed tungsten carbide alloy containing 12% cobalt. It 
was mixed with different ratios of pure cobalt to give a series of powder blends that were 
then laser-sintered and formed a multi-layer specimen. The percentage of cobalt varied 
discretely from 12% to 100%. The results indicated the balling in the cobalt-poor region 
and the lack of complete melting in the cobalt-rich regions that were more sensitive to 
scanning orientation than to scanning speed. Furthermore, microhardness measurements 
were taken at different locations of composition and the measured results were 
comparable with the reference values (Jepson et al., 1999). 
In research to generate a surface composite with a laser cladding technique, two kinds of 
AlSi-based powders were injected into the laser pool and functionally gradient coatings 
(FGCs) were clad on cast Al-alloy substrates in order to enhance their hardness and wear 
resistance (Pei and De Hosson, 2000). These graded microstructures formed during 
solidification led to a gradual variation of hardness in the cross-sections of these coatings. 
They indicated that the solidification behaviour of the laser pool played a key role in the 
formation of the functionally gradient coatings. 
In an experiment with SiC coatings on aluminum produced by high power lasers, the 
commonly encountered problems of the great difference of absorbance and thermal 
conductivity between the ceramic and aluminum were solved by heating the substrate to 
over 300°C during laser processing (Vreeling et al., 1999). Though a SiC-Al metal 
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matrix composite was formed, due to the high temperature during the laser process, some 
SiC particles were partially reacting with the liquid Al, resulting in the formation of the 
brittle A14C3 phase. Moreover, A14C3 is unstable in some environments such as water, 
methanol, and HCI etc., the composite possibly being susceptible to corrosive 
environments. 
The sintering effect of CuSn as a pre-alloyed powder (bronze) and a mixed powder 
mixture was studied (Klocke et al., 1995). It was found that the melted tin failed to wet 
copper grains sufficiently in the instance of a powder mixture, while layer formation of 
pre-alloyed powder was successfully achieved at the same energy density. 
Many laser material processes are similar. Process variables in the literature are a good 
reference and starting point to further research, as summarised in Table 5-1. 
Process PROMET LENSTM Graded- Laser Laser 
(Peterseim and (Griffith and boundary cladding fabrication 
Luck, 1997) Schlienger, 1998) material (Kim, (Wang et al., (Kathuria, 
1998) 1996) 1997) 
Laser type CO2 Nd; YAG CO2 
(10.6 µm) (1.06 µm) (10.6 µm) 
Laser power [W] 1700 200 to 300 1750 2000 1800 
Scanning speed 25 6 to 9 8.33 4 13.3 
[mm/s] 
Preheat 250 -- 
temperature [°C] 
Layer thickness 0.6-0.75 0.125-0.25 0.55 (sheet -- 
[mm] material) 
Spot diameter -- 5 15 (defocused) 
[mm] 
Focal length [mm] - 250 
Bead width [mm] 1.2-1.5 - 
Material H10 tool steel H13 tool steel Inconel 690 -- 
powder powder sheet and steel 
SS316 (-150/+325 substrate 
mesh) 
Shield gas Argon Argon 
Table 5-1: List of process parameters from references 
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5.3 Laser-Material Interactions 
There are some issues in laser processing of powders which need to be considered. 
Firstly, the absorbance of these two materials might have a distinct difference. The 
absorbance of a material is defined as the ratio of the absorbed radiation to the incident 
radiation. It is usually obtained by measuring the reflectance (or reflectivity) instead. The 
absorbance plus reflectance of a material equals 1, providing that no transmission occurs. 
The absorbance depends on the wavelength of incident radiation (e. g. laser), temperature 
and surface characteristics of the material etc. The ambient gas, especially the presence 
of oxygen, is reported to also have effects on the absorbance (Tolochko et al., 2000). The 
typical absorbance of metals at 10.6µm is less than 0.1 (carbon steel 0.03; stainless steel 
0.09) and the absorbance of ceramics is generally much higher. On the contrary, the 
absorbance of metals and cermets are higher at wavelength 1.06 µm (Nd: YAG laser). For 
example, the absorbances of iron (Fe) and tungsten carbide (WC) powders were 
measured 0.64 and 0.82 respectively (Xie et al., 1997). 
Powders have higher absorbance than dense materials, because the voids in the 
interstitial space of the powder packing increase the absorption of the radiation by acting 
as a blackbody. Considering a powder mixture, a material may have a greater absorbance 
to the laser irradiation and would possibly melt before or at the same time as the other 
material begins to melt, even though the material has a higher melting temperature. This 
could cause an unwanted alloying effect or distorted structure. 
Kim discussed some considerations in developing FGM by laser processing. In a 
metal/ceramic system, the great difference in laser beam absorbance could make 
processing both materials simultaneously difficult. Meanwhile, the rapid heating and 
cooling rates during the process could also cause cracks to form easily in the boundary 
region or in the ceramic part due to the large difference of thermal expansion coefficients 
and thermal conductivities. The solid solubility of both materials in each other may be 
extremely limited and make it difficult to obtain a graded structure by laser processing. 
The development of a graded boundary material of Inconel690 and steel was achieved by 
layering sheet material sequentially and applying laser surface alloying treatment up to 
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four times, where the major processing parameters were laser power of 1750 W, scanning 
speed 0.5 m/min and 50% overlapped pass of scanning (Kim, 1998). 
The materials implications can be severe, if the laser completely melts the powder in 
direct SLS or similar processes. In addition to significant residual stresses caused by 
extremely high local heating, the control on the microstructures is also critical. Steel tool 
properties depend on the austenite/ferrite solid state phase transformation, whereas the 
control of a part's microstructure produced direct metal SLS is still not routinely 
achievable yet (Derby, 1999). 
5.4 Modelling of a Heterogeneous Structure 
There are certain RP processes capable of producing coloured parts. However, it is more 
complicated to model a heterogeneous structure on current CAD packages. 
To specify the spatial composition of an FGM, an approach was exploited by subdividing 
the solid model into sub-regions and associating analytical blending functions with each 
region. These blending functions defined the composition throughout the model as 
mixtures of the primary materials available to the RP machine (Jackson et al., 1999). A 
new modelling scheme was developed, in which features like number of materials, 
position of grading and the grading functions were defined and mathematically termed as 
"grading sources". The representation of heterogeneous objects in CAD modelling was 
achieved by implementing such "grading sources" and their possible interactions (Siu 
and Tan, 2002). However, such processes may generate a large amount of data and it will 
be another challenge to deal with the data efficiently. 
5.5 Summary 
To produced functionally graded materials with a laser, the principle of liquid phase 
sintering can be used, in which one of the materials melts first, usually the one with 
lower melting point, and the liquid can wet the other material. As a result, the liquid 
facilitates the powder densification and porosity can be reduced. 
There are also several methods in employing a powder system to process multiple 
materials simultaneously. Coating the structural material with another material, pre- 
alloyed powders or powder blends with different compositions were three major 
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approaches. The literature review was undertaken to examine various aspects in the 
interaction between the laser and materials. With respect to the simplest example of an 
FGM, a binary system consisting of various compositions by mixing two constituents at 
different ratios appears more viable. The interaction between the laser and each 
constituent is hard to foresee, as well as the possible microstructures. Some preliminary 
experiments of laser fusion on the possible material candidates may be necessary. 
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The mechanical properties of a material depend strongly on its microstructure which in 
turn is a function of the thermal history of solidification. In-situ measurements of 
temperature distribution can offer very important information in monitoring the process 
as well as in analysing the microstructure. However, temperature measurement may not 
be easy in practice due to the nature of the laser material processing. The work presented 
here is mainly aimed to study the possible thermal impact of the laser processing 
parameters on the material. The simulated results give an understanding about the 
possible consequences by varying different processing parameters. Consequently, it is 
essential to recognize the thermal behaviour of a material under the laser through 
different analytical solutions and to be aware of the possible impact on the materials. 
6.1 Thermal Modelling of Laser Material Processing 
6.1.1 Analytical Solutions 
If the heat flows in only one direction and there is no convection or heat loss or 
generation, an analytical model of temperature T as a function of material depth z and 
time t can be written as (Carslaw and Jaeger, 1959) 
2"PA [(Ctt)o . f. z T (z, t) = To +-- z- rer c2-ýf- eq. 6-1 
where P is the laser power, A is the absorbance, w the effective beam radius and a the 
thermal diffusivity. The function "ierfc(x)" means the integral of the complimentary error 
function and is defined as (Carslaw and Jaeger, 1959) 
-x2 
ierfc(x)= - -x"(1-erf(x)) eq. 6-2 
with 
x 
erf (x) =2ý fe-4'dý eq. 6-3 
()o 
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If the laser is switched off after time to, the temperature distribution at time t (for 1->to) 
can be then described as 
2"P"A zz Tc (z, t) = To +2[., r, -, t " ierfc - a(t - to " ierfc eq. 6-4 
my " 2ý 2 a(t - to ) 
This equation is used to simulate the operation of a pulsed laser. 
The calculation of the temperature distribution in a material was based on the following 
assumptions: 
1. The material properties were constant and independent of temperature. Values at 
room temperature were used in the calculation. 
2. The reflectivity and absorbance of the material remained the same throughout the 
process, even after transforming from powder to solid beads. 
3. The heat convection and conduction from the powder surface (or bead surface) to 
ambient were neglected. The cooling effect of the shielding gas was also excluded in 
the consideration. Heat transfer was one-dimensional in the z-direction. 
4. The analytical solution applies to a semi-infinite material 
5. The model did not include the possible phase change of material in processing 
However, the material properties change as the temperature increases. The physical 
properties, i. e. thermal conductivity, heat capacity, reflectivity and absorbance vary 
during irradiation of the material. Unfortunately, complete and accurate information 
about this issue is not available. The morphology of material also changes from packing 
of powder to melting liquid and to solid welded beads. 
The heat conduction and convection at the powder bed surface was not included in the 
boundary conditions. The powder bed was 1 mm thick for a single layer in practice and 
2-3 mm for multi-layers. It is a quite limited depth, in comparison with the spot diameter 
of the laser beam at 0.8 mm. The assumption of a semi-infinite material did not quite 
apply to the practical situation. 
The calculations were performed using the software MathCad and an example of the 
programme is listed in Appendix A for further reference. If one takes a laser pulse width 
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of 10 ms and a repetition rate of 10 Hz as an example, the considerations are illustrated in 
Figure 6-1. 
Beam on: 
10 ms 
Pulses of width 10 ms and a 
Beam off: repetition rate of 10 Hz 
90 ms 
ton Length of a pulse 1/freq 
t 
Figure 6-1: Illustrations showing some considerations in calculating the temperature 
distribution of a pulsed laser 
In Figure 6-2, the "beam on" curves represent the temperatures across the powder bed at 
the time of the specified pulse width (i. e. duration from the start to the end of a pulse) 
After the time of a pulse width, the laser beam is switched off by controlling the shutter. 
The temperatures begin to cool down, but the temperatures at the bottom of powder bed 
could increase due to heat conduction. The whole cooling behaviour is described by the 
function T,, (z, t) in eq. (6-4). The "beam off' curves characterise the cooling temperatures 
at two different cooling intervals, one at cooling for 0.05 s and the other at the end of a 
pulse. 
For a given pulse energy, a shorter pulse width means that a higher peak power is 
discharged within each duration. Therefore, the resultant temperatures and the thermal 
gradient is much higher for shorter pulse widths. 
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Repetition rate 10 Hz, feed rate 200 mm/min beam diameter 1 mm Pulse width , Absorbance of H 10 material (both powder and solid) 0.4 
12000 
10000 
8000 Beam on: 
6000 Time=0.002s 
2 ms 
Beam off: Time=0 001 s 4000 . Cooling time 0.05s 
2000 Cooling time 0.098s 
0 --- 
0 200 400 600 800 1000 
Depth in powder bed in pm 
6000 
5000 
Beam on: 4000 
--Time=0.01s 
120 3000 Beam off: 10 ms e=0.005s E 
2000 Cooling time 0.05s 
Cooling time 0.09s 1000 
0 
0 200 400 600 800 1000 
Depth in powder bed in pm 
4000 
Beam on: 
Y 3000 Time=0.02s 
Beam off: 
Time=0.01s 
2000 Cooling time 0.05s 
20 ms C Cooling time 0.08s 
1000 
0 
0 200 400 600 800 1000 
Depth in powder bed in pm 
Figure 6-2: Calculation of temperature distributions T(z, t) across a1 mm thick 
powder layer at three different pulse widths 
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The cooling behaviours at the surface and in the middle of powder bed under the same 
processing conditions are shown in Figure 6-3. 
The cooling rate on surface is quite fast after each pulse, as seen in Figure 6-3, where the 
temperature at 0.5 mm depth increases up to more than 1000°C regardless of the pulse 
width. The temperature gradient across the powder bed declines very soon, e. g. 100 ms, 
after the onset of a pulse. At the end of a pulse (i. e. 0.1 s at a repetition rate 10 Hz), the 
temperature gradient across the powder layer is not significant. The temperatures in the 
bed are almost homogenised before a new pulse occurs. Though shorter pulse widths 
have a longer cooling interval between two pulses, the effect is not obvious. Instead, the 
peak laser power is more decisive. 
The calculated temperatures might not be realistic, especially when one checks the 
results of short pulse widths in Figure 6-2 and Figure 6-3. As mentioned, a few 
assumptions were made to simplify the calculation. Among them, the phase transition 
may have a decisive effect on the calculations. The absorbance of the material to the laser 
energy generally increases with the increasing temperature. Under such a circumstance, 
the energy coupling becomes a self-inductive process until the material reaches its 
melting point. 
The results could still give an indication of the possible trends and help to understand the 
system's possible behaviour under various processing conditions. In practice, most 
metallic materials have a higher absorbance to the Nd: YAG laser (1.06µm) than to the 
C02 laser (10.6µm). This makes Nd: YAG laser advantageous in laser processing metals. 
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Repetition rate 10 Hz, feed rate 200 mm/min, beam diameter 1 mm Pulse Width Absorbance of H 10 material (both powder and solid) 0.4 
12000 
10000 
.S 8000 N 
6000. Cooling curve at the surface 
2 ms E 4000 Cooling curve at 0.5 mm 
(D under the surface 
2000 
0 
0 0.02 0.04 0.06 0.08 0.1 
Cooling time in s 
6000 
5000 
S 4000 Cooling curve at the surface 
M 
ö 3000 5 mm Cooling curve at 0 
10 ms ä . under the surface E 2000 
1000 
0 
0 0.02 0.04 0.06 0.08 0.1 
Cooling time in s 
4000 - 
3000 
Cooling curve at the surface 
2000 
20 ms 2. Cooling curve at 0.5 mm 
E under the surface ID 1000 
0 
0 0.02 0.04 0.06 0.08 0.1 
Cooling time in s 
Figure 6-3: Cooling curves at surface and 0.5 mm in powder bed with various pulse 
widths 
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The typical processing time of SLS can be as much as 30-50 ms and the solidification 
rapidly takes place sequentially. In terms of this nature of process, a thermocouple is 
unable to cope with such fast frequencies of data acquisition. Therefore, the resulting 
measurements done with thermocouples can only show a general range of temperatures 
instead of targeting the maximum value. In the LENSTM process, the peak temperature 
during fabricating of an H13 part was measured at about 1250°C with thermocouples, 
while the material's melting temperature is around 1450°C (Griffith et al., 1999). A truly 
"real time" measurement cannot be done by thermocouples. 
The surface temperatures of SS316 in the LENSTm process were measured by both an 
infrared and high speed cameras (Griffith et al., 1999). The results showed the thermal 
gradient of 160 K/mm decreased sharply with distance from the molten pool until 
solidification occurred, where the value levelled 20-30 K/mm. The molten pool was 
about 5 mm in diameter from centre to the edge of solidification. 
The integrated reheat coming from layered manufacturing processes (e. g. SLS or 
LENSTm) has a decisive influence on the material's properties including residual stress 
and mechanical strength due to tempering or aging effects. In the LENSTM process 
(Griffith et al., 1999), the last few top layers have a higher hardness (58 Rockwell C) 
than the subsequent layers, because they did not receive repeated heat treatment and 
retain the martensitic phase. Thermal cycles above NOT can re-austenize the material, 
and at 900°C, this can happen in seconds. With many thermal cycles above 600°C, it is 
possible to age or temper the material through reprecipitation or coarsening of the 
carbide distribution. Specimens produced at increased speeds (from 6 mm/s to 9 mm/s) 
have higher hardness values since the previous layers received a shorter time excursion at 
elevated temperatures which reduced the aging effects. 
6.2 Summary 
A complete three-dimensional analytical solution to describe the laser-material 
interaction is not yet known and this also explains the complications associated with the 
problem. The applied one-dimensional model was simplified based on several 
presumptions. Among them, the phase transition may have a decisive effect on the 
calculations. The absorbance of the material to the laser energy generally increases with 
the increasing temperature. Under such a circumstance, the energy coupling becomes a 
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self-inductive process until the material reaches its melting point. The material may even 
evaporate and generate flume. 
Though the model was limited and the calculations could not provide an accurate 
prediction of the temperature distribution, it still helped understand the possible 
consequences and effects by setting different parameters. For example, the surface 
temperature decreases with an increasing pulse width when other parameters are kept the 
same. 
In practice, most metallic materials have a higher absorbance to the Nd: YAG laser 
(1.06 µm) than to the CO2 laser (10.6 µm). This makes the Nd: YAG laser advantageous 
in laser processing metals. 
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Objectives 
The combination of the RT and FGM technology will offer a new opportunity to produce 
a part or a mould with designed material properties that cannot be achieved by 
conventional methods. 
Considerable interest in hard coating and surface treatment has resulted from the need to 
improve wear resistance of automotive engine components. In applications of injection 
moulding, forging and die casting, the tools are gradually worn under the process 
conditions. The tool life depends on the tool's wear resistance and stability at elevated 
temperatures. The fabrication of a functionally graded material or structure would be 
beneficial in practice by improving the wear resistance at specific positions. 
7.1 Hypothesis 
It is believed that laser fusion can be used to manufacture fully dense Functionally 
Graded Materials and so the research described here will show the processing parameters 
required and the material that is produced. 
7.2 Objectives 
The aim of this research was to investigate the manufacturing of Functionally Graded 
Materials (FGM) by Laser Powder Fusion that could in the future be used in high wear 
situations. 
The research consisted of three main parts: material selection and characterisation, 
processing and analysis. The work was divided into the following aspects: 
7.2.1 Material Selection and Characterisation 
To select and evaluate proper material pairs for FGM 
H 10 tool steel was previously decided as a base material due to its wide acceptance and 
applications in practice. Various materials were examined with respect to their chemical, 
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physical, thermal and mechanical properties to be mixed with H10 to produce an FGM. 
The selection of possible pairing of materials was assisted by the Cambridge Engineering 
Selector software. Based on the results, it was expected to narrow the scope of selection 
rationally and eventually obtain the optimal material selection and its property design. 
The requirements and considerations is documented in Chapter 8. 
To characterise the powder system 
A theoretical model was applied to determine the favourable particle size ratio in mixing 
two different materials. Several measurements were conducted to analyse the size 
distribution, morphology, composition and mixing effect of the powder system, as 
discussed in Chapter 9. 
7.2.2 Processing 
To set up the experimental equipment 
This consisted of three major parts, i. e. the laser system with optical components and a 
computer-controlled X/Y table and material handling device. The whole system needed 
to be designed with respect to the special experimental demands. The integration of 
different system elements was critical. Since the laser was newly acquired, it was also 
important to test, modify and characterise the system. This part is presented in Chapter 
10. 
To establish an effective experimental plan 
Due to a large amount of process parameters involved, the prime process parameters 
needed to be selected. To conduct the experiments efficiently and to attain reliable and 
repeatable results, a strategy was necessary. The methodology started from 
experimenting with single beads with different combinations of parameters. Criteria were 
set to narrow the effective processing window by analysing the contact angles, bead 
width and surface roughness of fused beads. Details of the experiments are discussed in 
Chapter 11. 
To investigate the effects of the process parameters on the results and their 
relationship 
The influence of the process variables on the fused material was closely studied. The 
temperature distribution in the powder bed was approached analytically. Furthermore, a 
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suitable "operating window" of these parameters was established and optimised. The 
investigation is shown in Chapter 11. 
To produce solid and fully dense structure of H10 
The approach started from laser fusing single beads, which are the fundamental building 
elements. By overlapping beads, a part of multiple layers could be achieved. Different 
scanning patterns were proposed and compared. Porosity was undesirable and several 
methods were envisaged to reduce or eliminate this problem. These variables were 
controlled and this led to development of a building strategy combining different 
variables. The fused structure of H10 is assessed in Chapter 12. 
To fabricate dense FGMs 
Based on the findings from processing H10 tool steel powder, FGMs were produced with 
the principle of liquid phase sintering. The compositional transition in FGM was 
approached one-dimensionally by the discrete layer structure owing to the operating 
manner of Laser Powder Fusion and for the sake of simplicity. The results are presented 
and discussed in Chapter 13. 
7.2.3 Analysis 
To analyse and assess the results 
The microstructures of sintered samples were characterised using Scanning Electron 
Microscope (SEM) and other related techniques. Hardness, microhardness tests and 
nano-indentation were performed on specimens of H10 tool steel and FGM samples of 
different compositions. The analysis work is discussed in Chapter 14 and 15, respectively. 
The research question was proposed. The objectives were divided into three groups of 
research work. These issues would be then approached systematically and discussed 
further in details in the following chapters. 
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Even though Selective Laser Sintering claims to have the greatest flexibility in applicable 
materials, the range of materials is still limited, simply because not every material is 
necessarily feasible in practice. For instance, the viscosity and surface tension of the melt 
of many materials will make the process difficult (polymer: polyethylene; metal: 
aluminium). The situation becomes more complicated, especially when dealing with 
powder mixtures. 
To simplify the approach of this research it was decided to use a powder system that 
consisted of only two materials. H 10 tool steel is one of the common materials used as 
dies in forging and moulding. The work undertaken here was concerned with combining 
alloy tool steel materials with other wear-resistant materials. 
In this chapter, the selection of another suitable material was based on the functional 
specifications and process considerations. The material properties of H10 tool steel and 
the common requirements in practice were first reviewed. The selection and design of the 
powder system was then followed. 
8.7 Hot-work Tool Steel 
The capability to resist softening at high temperatures is an essential requirement in hot- 
work tool steels. This can be achieved by their medium chromium content and the 
addition of carbide-forming elements such as molybdenum, tungsten and vanadium. In 
view of the need for resistance to thermal shock and, in many applications to impact, hot- 
work steels are generally lower in carbon content and mostly lower in alloy content than 
high-speed steels. The low carbon and low total alloy content promote toughness at the 
normal working hardness of 40 to 50 HRC. Higher tungsten and molybdenum content 
increases hot strength but slightly reduce toughness. An increase in silicon content 
improves oxidation resistance at temperature up to 800°C (Kirk, 1981). 
Most of these steels have an alloy and carbon content low enough for tools made from 
them to be water cooled in use without cracking. To ensure the desired combination of 
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properties and resistance to cracks induced by thermal stresses in repetitive thermal 
cycles (i. e. thermal cracking) in die casting, extrusion and similar applications, tempering 
is normally carried out at a temperature equal to or slightly above that attained in use. In 
consequence hot-work tool steels are normally put into use at a hardness level in the 
range 35-55 HRC according to the application and the steel involved (Kirk, 1981). 
Non-uniform expansion, caused by thermal gradients from the surface to the centre of a 
die, is the chief factor contributing to heat checking. The magnitude of thermal stresses 
caused by non-uniform expansion or temperature gradients also depend on the coefficient 
of thermal expansion of the steel. The higher the coefficient of thermal expansion, the 
greater the stresses. From tests in which the temperature of the specimen fluctuated 
between 650°C and the water-quench bath temperature, it was determined that H10 was 
slightly more resistant to heat checking or cracking, after 1740 cycles, compared with 
H11, H12 and H13. After 3488 cycles, H10 exhibited significantly more resistance to 
cracking than H11, H12 and H13 (Altan et al., 1992). 
Resistance to oxidation and wear are significant properties of hot-work tool steels but 
resistance to deformation at the operating temperature of the tool is of major importance. 
Hot tensile data, in particular the 0.2% proof stress representing the resistance to plastic 
flow, are thus of value in assessing the relative merits of such steels. 
Table 8-1 compares the hot tensile properties at 500 and 650°C of the steels after heat 
treatment to 48-50 HRC. These two temperatures were selected as representative of those 
attained by some tools in use, the lower temperature being similar to that involved for 
example in the aluminium casting industry (Kirk, 1981). 
H10 tool steel is suitable for a wide variety of uses covering tools for the hot forging, 
extrusion, and die-casting industries and exhibits an attractive combination of properties. 
It may be used where water cooling is employed and also in the lower temperature range 
where greater shock resistance than that of the tungsten steels is an important attribute. 
Most of the grades may be used as forging die inserts. 
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500°C 650°C 
H10 H13 H10 H13 
0.2% proof stress, N/mm 890 1130 410 560 
Max. stress, N/mm 1150 1290 650 680 
Elongation, % 11 9 23 15 
Table 8-1: High-temperature tensile properties of hot-work tool steels after heat 
treatment to 48-50 HRC 
8.2 Material Design 
8.2.1 Functional Specification 
A well-considered selection of materials should cover the following aspects: essential 
properties, secondary properties, quantity, delivery, service life and cost (Budinski and 
Budinski, 1999). With respect to the wear resistance, the important properties include 
hardness and wear performance. Since wear of materials involves various mechanisms 
(e. g. abrasive, adhesive sliding and fretting etc. ) and also depends on the service 
conditions (e. g. with or without lubricant, load, temperature, the abrasive particles and 
the counterface). It is hard to directly compare different materials. 
In terms of wear-resistant properties, there is still no other material property that directly 
relates to it, like thermal conductivity to heat transfer. The wear resistance of a material 
is thought to relate to its microstructure, but a correlation between hardness and wear 
resistance does not exist (Yap et al., 1997) (Pagounis and Lindroos, 1997). In spite of this, 
harder materials are preferred. 
To meet the requirements in wear-resistant applications, the material properties needed 
include hardness, good wear resistance, high compressive strength and sufficient 
toughness, when considering the operating conditions in forging or extrusion applications. 
Cost is another factor in selection. 
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Another concern was thermal stresses induced by the mismatch of the thermal expansion 
of each constituent in the powder mixture. The thermal stresses can be expressed as: 
5 
ermal = 
(Orr " AT) " AE eq. 8-1 
where 6ew is the thermal stress, A r, and AE represent the difference of the 
coefficient of thermal expansion and the elastic modulus of each constituent. LT is the 
temperature change. An FGM-tool is supposed to reduce the interfacial thermal stresses 
existing in the current solutions such as coating or vapour deposition to increase the tool 
life. 
Some properties of the powder mixture might be approached with the rule of mixtures, 
e. g. the density, elastic modulus or thermal coefficient of expansion. There are also 
several aspects which are difficult to predict, e. g. the compatibility with the matrix or 
metallurgical changes. 
8.2.2 Process Consideration 
There are many issues arising for powder mixtures used in fabricating FGM by Laser 
Powder Fusion, such as solubility, densification and fusion behaviour of each powder 
constituent in the mixture. 
Though laser fusion proceeds only in a relative short time interval, the fusion behaviour 
of a material is not only influenced by the process parameters, such as laser power, 
scanning speed, scan spacing etc, but also depends on the material properties. The 
interaction of the possible material candidates and the laser radiation, e. g. absorbance, 
should be taken into account as well. The absorbance also depends on the material's 
surface roughness. In general, a material exhibits a higher absorbance in the powder form 
than in its dense form. The absorbance of a powder blend of two materials is determined 
by the absorbance of each individual component and its volume fraction (Tolochko et al., 
2000). 
In a laser based process, the cooling rate can vary from 102 K/s to 103 K/s (Hofmeister et 
al., 1999). Ceramics are generally less resistant to thermal shock than metals and this was 
another aspect in the selection. 
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8.3 Selection of the Pairing Material 
The selection of a suitable material was carried out with the aid of the software 
"Cambridge Engineering Selector" (CES, 2000), which was developed by Professor 
Mike Ashby at Cambridge University (Ashby, 1999). The software contains more than 
2600 materials and allows them to be compared simultaneously with respect to certain 
requirements on properties or a specific application. It also provided a graphical selection 
methodology and was able to use performance indices to optimise material choice. 
Several issues needed to be taken into account, when designing an FGM of H10 and 
another material. Though general functional specifications and process considerations 
were discussed in Section 8.2.1 and 8.2.2, there were criteria on material properties to 
approach the decision systematically. These requirements are summarised in Table 8-2 
and discussed in sequence here. 
Design requirement Selection condition Corresponding 
material value 
1 Cost and availability Price Less than £15/kg 
2 Wear resistance to withstand the abrasive "very good" wear Category: very 
and sliding wear in metal working resistance and low good 
friction coefficient 
3 Harder than H10 tool steel Hardness Min. 15 GPa 
(-1500 kgf/mm2) 
4 Sufficient strength to resist repeated Compression strength Min. 1000 MPa 
compressive loads in forging and 
extrusion 
5 Toughness to resist the impact damage in Fracture toughness Min 3 MPa m" 
forging and extrusion 
6 Energy coupling of laser irradiation Absorbance and Comparable or 
melting point higher than 
steel's (0.3-0.4) 
Table 8-2: Various criteria in selection of the pairing material 
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Availability and economics were the first two factors when selecting the suitable material 
to be mixed with the tool steel powder. Materials readily and generally available were 
preferable, i. e. they are not proprietary materials and can be delivered from more than 
one supplier. Sometimes the use of expensive materials is justified because they offer a 
unique property or cheaper solution, e. g. without having to modify the design as in the 
case of lower-cost materials. Tool steel powder costs about £5 per kg from the current 
market. Though an overpriced tool is certainly not favourable, some amount of a more 
expensive material may make less impact, providing the tool's properties can be 
significantly improved. Since the pairing material was not the major constituent in 
designing an FGM, it was reasonable and acceptable to set the price range for this 
material at £ 15 per kg to take some exotic or precious materials into account; however, to 
keep the overall material cost within budget. By setting this criterion, there were 109 
different materials that qualified. 
The wear resistance of materials in the repertoire of the software is classified into five 
groups, from "very good" to "very poor". Evidently, materials of very good wear 
resistance were required for wear resistance applications. 80 materials among the 
material database met this requirement. 
The working hardness of hot-work tool steels is between Rockwell C (HRC) 50-60, 
which roughly equals 500-700 kg/mm2. Diamond has the highest hardness of 4000- 
5000 kg/mm2 of all materials. To improve the wear and hardness of the tool steels it was 
decided that the hardness of the pairing material should exceed 15 GPa (-1500 kg/mm2) 
as a compromise of the range of materials to be considered and required hardness. There 
were 20 materials which met this single functional specification. 
Mechanical properties of compression strength and fracture toughness were added as 
criteria, when considering the major applications of hot-work tool steels. Forging and 
extrusion are areas in which the advantages of an FGM could improve the performance 
of tools and extend the tool's life. In hot extrusion, tools commonly experience 
compressive loads from 35 to 700 MPa. Compressive strength of tool steels is around 
1000-2000 MPa. The material candidate should exhibit minimum compressive strength 
of 1000 MPa so that the tool's property could be maintained. 66 materials fulfilled this 
criterion. 
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In general, the harder the material is, the less tough the material will be. Therefore, it is a 
trade-off between hardness and toughness in selecting suitable materials. Ceramics have 
much lower toughness than metals and it was decided to set the minimum toughness of 
3 MPa m1 to include as many ceramic materials as possible. Totally, there were 189 
materials passing this condition. 
The results were graphically represented in the Figure 8-l, where the bubbles represented 
different type of materials and different classes of material (metal, ceramics and 
composites etc. ) were colour-coded. The bubbles of grey colour indicated those materials 
which failed to meet the set criteria. The size of the bubble corresponds to the range of 
available materials. As one might expect, the materials which met the requirements were 
ceramics, cermets and some composites. 
Figure 8-1: Graphic results from the software "Cambridge Engineering Selector" 
By applying the criterion 1 to 5 in Table 8-2, the range of suitable materials could be 
narrowed down to 7, in which materials produced by different processes or having 
different composition or microstructures were counted separately. These materials 
included alumina (A1203), sialons (Si-AI-O-N ceramics), silicon carbide (SiC), titanium 
diboride (TiB2), tungsten carbide (WC), zirconia (Zr02), zirconium carbide (ZrC). To 
simplify the approach of fabrication of an FGM, the powder mixture was limited to a 
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binary system. Sialons was first excluded from the consideration due to its complicated 
composition which might possibly make the processing and interpretation of results 
difficult. 
Materials including A1203, SiC, TiB2, WC, ZrO2 and ZrC were selected as the major 
groups from the results in Figure 8-1. Their properties, along with H10 tool steel, are 
summarised in Table 8-3. It should be noted that the mechanical properties of many 
materials are strongly influenced by their manufacturing processes and resulting 
microstructure. Therefore, many values are not consistent in different references. 
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H10 1203, SiC iB2 WC r02 rC 
Material quenched 9% 
Density, kg/m 800 3960 3100 450 15700 000 700 
rystal type exag. hexag. hexag. 
Melting temperature, K 1723 323 600 3253 3096 900 3400 
Boiling temperature, K 3250 3245 
Heat capacity, J/kg K 50 75 370 577 38 80 350 
Elastic modulus, GPa 10 366 30 186 83 174.6 385 
Poisson's ratio . 27 . 22 ). 14 . 13 ). 21 . 27 . 23 
Tensile strength, MPa 1650 310 50 355 344 593.7 830 
ompressive Yield Strength, 1000 - 2300- 1380 - 3388- 683 - 440 7900- 
Pa 000 618 950 3735 000 741 
02- 
. 04- . 08- . 05- . 06- . 02- 
Ductility, % . 18 . 13 . 089 . 074 . 35 . 023 
Fracture toughness, MPa mw 50 4-5 3-4.6 15 .6 2-3 
Hardness, Vickers Hardness 21 1500 3500 600 200 1150 375- 
Number 625 
oefficient of thermal 12.4 .4 .7 5.2 10.3 .7 
xpansion, 10'O/C at 250°C 
oefficient of thermal .3 11 
xpansion, 10-6/C at 1000°C 
Thermal conductivity, W/m K 4.6 8 125 5 5 .3 3 
0.3- . 03 . 78 . 82 
44 
( approx. 
bsorbance (A =1.06 µm) by 
Tolochko et al., 2000) s tainless 
ie et al., 1997) teel) 
Table 8-3: Summary of properties of several engineering materials, reproduced 
from (German, 1996), (Budinski and Budinski, 1999) and (Matweb, 
2002) 
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The criterion 6 in Table 8-2 was not available in the software. However, it was applied 
subsequently to add another aspect in selection, since the energy coupling of laser 
irradiation was an important issue in processing a powder mixture. With respect to this, 
various references of laser sintering ceramic powders and successful examples of 
reinforcing steels with the selected materials were studied to evaluate the possible 
consequences. 
A1203 
Alumina is widely used in many industrial applications, e. g. mechanical seals, bearings, 
cutting tools and metallised assemblies etc. Direct laser sintering or fusion of ceramic 
powders has not been seen in the literature. Subramanian processed A1203 coated with a 
polymer binder (polymethyl methacrylate, PMMA) using Selective Laser Sintering (SLS) 
and infiltrated the brown part (Subramanian et al., 1995). However, the resultant alumina 
bar achieved only 50% relative density and the maximum strength was 8 MPa, which 
was far less than conventionally processed material. 
A1203 and SiC powders with PMMA binder were processed into a porous preform using 
SLS. Both preforms were infiltrated with aluminum alloy under a controlled environment 
to produce ceramic (with oxidation) and metal matrix composites (without oxidation) 
(Deckard and Claar, 1993). Powder blends of A1203 and ammonium phosphate, which 
has a melting point of 19011C and worked as a binder phase, were laser sintered to green 
parts and then heat treated. However, the final parts had low relative density and 
compressive strength. Properties of these materials were also dependent on the initial 
content of binder and the particle size of both constituents (Lakshminarayan and Marcus, 
1992). Similarly, boron oxide (B203) was blended with A1203 powder and laser sintered 
due to its wettability. It showed the densification process was enhanced by a better 
wetting between the low melting point B203 and A1203 (Lee et al., 1994). CO2 Laser 
alloyed alumina ceramics were processed by pre-coating the material by a suspension 
consisting of Hf02 or HfO2 mixed with SiO2, CeO2 or cordierite glass and pre-heating 
the coated specimen up to 15000C (Zawrah et al., 2002). 
Various plasma-sprayed coatings on AISI 1020 and 304 steels have also been compared, 
including A1203, WC-Co, Cr2O3-SiO2, NiAI etc. A1203 had the best wear resistance 
among these materials (Soyban, 1996). 
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Alumina appeared suitable from the viewpoint of its mechanical, tribological and thermal 
properties. When considering many cutting tools of cemented carbide (e, g, WC-Co) are 
coated with a thin film of alumina or multiple layers of other ceramics to increase the 
tool life. However, the absorbance of the material to the Nd: YAG laser wavelength (2. 
=1.06 µm) was measured at 0.03 (Tolochko et al., 2000). When mixing with H10 tool 
steel powder, the energy coupling would be strongly affected. 
In fact, preliminary tests of laser fusion were carried out to process the powder mixture 
of H10 tool steel and alumina with a weight ratio of 2.5: 1. The alumina powder was 
obtained from Dynamic Ceramic Ltd. and the morphology of the powder is shown in 
Figure 8-2, where the powder was loosely placed on a substrate with a double-sided tape 
for the purpose of photography. Since alumina has an extremely low absorbance, the 
applied pulsed energy was set at 14.2 J to give the powder mixture a higher energy input. 
The other parameters were adopted from the commonly used settings. The alumina was 
delivered for the purpose of evaluation and its quantity was less than 50 g. Therefore, the 
mixing ratio of H 10 to A1203 was decided upon as it had a sufficient amount of alumina 
in the powder mixture (28.6 wt% - 44 vol%) to investigate the fusion effects, while 
keeping enough powder for repeating experiments. 
Figure 8-2: Morphology of the applied alumina powder 
However, alumina spattered when subject to the laser irradiation and the resultant surface 
was very rough and irregular, as seen the white particles in Figure 8-3(a). By examining 
the cross-section of beads with the Wavelength Dispersive X-ray (WDX), the presence of 
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the element Al could not be detected, as shown in Figure 8-3(b). A direct Laser Powder 
Fusion of H10 and A1203 was therefore believed difficult due to heavily spattered A1203 
powder and its low absorbance to the laser. This explained the observed rough surface of 
the fused beads in Figure 8-3(c). 
Process parameters: 
Pulse width: 10 ms 
Pulse energy 14.2 J 
Repetition rate: 10 Hz 
Feed rate: 200 mm/min 
Average Power: 142 W 
Spot diameter: 0.8 mm (focused beam) 
Scan spacing: 1 mm 
Mixing ratio of H10 to A1203: 2.5: 1 (wt%) 
Figure 8-3: Fusion results of powder mixture of H 10 and alumina 
SiC 
Silicon carbide also has versatile uses, e. g. pistons, cylinder liners, mechanical seal faces 
and hydraulic plungers etc. Vail processed silicon carbide powder with polymer binders 
using SLS to fabricate preforms for metal matrix composites (Vail et al., 1993). Mg/SiC 
composite was produced in the similar manner by pressureless infiltration after laser 
sintering (Wohlert and Bourell, 1996). Similarly, a porous green part of SiC was laser 
sintered with the aid of a reactive polymer binder. Si/SiC composite was then produced 
by infiltration of liquid silicon (Stierlen et al., 1998) (Stierlen and Eyerer, 1999). PMMA 
(polymethyl methacrylate) coated SiC powders were investigated to fabricate preforms. 
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Modelling of the laser sintering process and the correlation between the results and 
process parameters were also presented (Nelson et al., 1995) (Vail et al., 1996). 
Löschau processed pure SiC powder with a CO2 laser (EOSINT M Laser Sintering 
machine) without any binder or additive. The green part was then infiltrated with Si. The 
resultant Si/SiC parts had porosity below 1% and were aimed at wear and temperature 
resistance applications (Loeschau et al., 2000). However, similar to alumina, there was 
no successful example of processing this material by a Nd: YAG laser in the literature, 
when mixed with other ferrous metals. Another concern was the low fracture toughness 
of SiC and it was considered that this might also reduce the fracture toughness of the 
FGM greatly, when the material were mixed with H 10. 
TiB2 
Titanium diboride is mainly used in semiconductor as an electrode material. Titanium 
diboride is typically hot-pressed or HIP'd (hot isostatic pressing) into the desired shape. 
This material is electrically conductive and can thus be formed into complex shapes 
using electrical discharge machining (EDM) (Advanced Ceramics Corporation, 2001). 
However, the absorbance of TiB2 is not known and the processing of this material by a 
laser has not been mentioned in the literature. Low fracture toughness of TiB2 was 
another consideration. Therefore, there was some reservation in selection. 
WC 
Tungsten carbide is typically used in cutting tools and many other abrasive applications. 
This material usually comes with metal binders as cermets, e. g. cobalt, to improve the 
processibility. WC-Co powder mixture was laser sintered by a Nd: YAG laser. Laoui 
proposed a model of laser penetration into the powder bed. The calculated sintering 
thickness and width were compared with experimental results and the prediction was 
lower possibly due to the simplified model conditions. For a WC-Co powder bed, most 
of the absorbed energy was concentrated within a depth of 0.4 mm for Nd: YAG laser 
according to this model (Laoui et al., 2000). Due to the high price of cobalt, three pre- 
alloyed powders, FeNiCo, FeCuCo and CuFeCo, were prepared, sieved below 32 µm and 
mixed with WC respectively. The final powder mixtures all contained 9wt% binder and 
laser sintered by a C02 laser (DTM SinterStation 2000). CuFeCo showed the best results 
and gave the lowest amount of distortion (Laoui et al., 1999). 
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WC-18wt%Co powder of 200-500 nm was processed by LENSTM using a 75O W 
Nd: YAG laser into layered structures. Though the samples contained some porosity, 
grain coarsening was controlled and decomposition of WC was not found due to rapid 
cooling in the process (Wei et al., 2002). Nanosized WC-15Co powder was laser sintered 
to 60% of theoretical density and the tribological characteristics were compared with a 
commercial counterpart of average grain size 1.3 µm and 95% density (Cottle et al., 
1995). The Vickers microhardness of nanostructured WC-15Co was 1980 HV with a 
load of 500g, whereas the commercial counterpart had a microhardness of 1260 HV. The 
SLS nanostructured material was anisotropic and had a superior performance in a pin-on 
disk abrasive wear test. 
Jepson experimented with WC-Co powders with various contents of cobalt to produce 
laser sintered structures of single and multiple layers. A 500 W CO2 laser was employed 
and the specific energy density ranged from 48.7 to 16.3 J/mm2 with a preheated powder 
bed of 7000C to build single layer samples. For multiple layer samples, the specific 
energy density was 77.5 J/mm2 due to no preheating. The results were porous and the 
balling effect was observed. Microhardness measurements showed discrepancy of the 
hardness values (Jepson et al., 1999). WC and WC/Ni powders were laser clad on M7 
High speed steel for cutting tool applications with a CO2 laser. The microstructure 
showed a metallurgical bonding between WC/Ni and the M7 and this gave the matrix a 
hardness of nearly 900 HV (Vickers hardness number) (Peng et al., 2002). 
An FGM of TiCN-40WC-lOCo-5Ni powder mix was manufactured from a green 
compact of uniform composition by a controlled sintering process. A titanium based 
ceramic surface was formed with imparted compressive residual stress of 0.8 GNm 
2 and 
had good wear resistance. The tough core consisted of (Ti, W)(C, N) hard phase. Cutting 
tools made of this FGM showed the toughness and wear resistance significantly greater 
than those of conventional cermet tools. Though the FGM tool was slightly inferior to a 
CVD coated tool, the effective tool life of the new FGM component was superior (Tsuda 
et al., 1996). 
A mixture of IOwt% tungsten or titanium carbide (90WC-Co or 90TiC-Co) with M2 and 
T15 high speed steels (HSS) was sintered under various gas conditions using the powder 
metallurgy method. Tungsten carbide had a positive influence in improved densification 
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and higher transverse rupture strength for both HSS's, whereas titanium carbide (TiC) 
did not reinforce the base materials, due to the high stability of this carbide (Torralba et 
al., 1993). 
ZrC 
Zirconium carbide is one of the specialised refractory compounds and is electrically 
conductive. Laser sintering of this material, with or without binders, has not been 
mentioned in the literature and this made the selection of zirconium carbide appear 
uncertain. The material's low fracture toughness was another concern, when the resultant 
properties of the FGM were considered. 
Zr02 
Zirconia or Zirconium oxide has superior high temperature properties. It is usually 
combined with yttira (Y203) manganese oxide (MgO) and the strength and fracture 
toughness is significantly improved. This makes some grades of zirconia superior to most 
materials for abrasion and wear resistance (Matweb, 2002). Zirconia was laser sintered 
with polymer binder and then infiltrated and fired to higher density (Harlan et al., 1999). 
However, a direct processing this material using laser has not been discussed in the 
literature yet. Zirconia has a low thermal conductivity, which is a disadvantage in 
designing a tool. 
Summary 
Due to the high melting points of ceramics, indirect laser sintering processes were 
generally used by introducing either a polymer-based or metal-based binder. The 
polymer binder was melted and wetted the ceramic powder and decomposed during the 
post processing stages. The metallic binder reacted with other elements to form in-situ 
ceramics. The former solution did not coincide with the principle of a direct approach of 
the Laser Powder Fusion. Since the fabricated FGM was aimed at wear resistant tools, a 
higher fracture toughness and a greater thermal conductivity would be beneficial in 
practice. From these viewpoints, A1203, SiC, TiB2, Zr02 and ZrC were not suitable for 
this purpose. 
As a consequence, tungsten carbide (WC) was chosen to enhance the wear and 
tribological performance of the base material. The processing and fabrication of FGM of 
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H10 and WC by laser also added a possible direction of producing new materials with 
engineered material properties. 
8.4 Selection of WC 
Though WC was decided as the other constituent in the powder mixture, another issue 
was to select the proper particle sizes and distribution. The packing density of the powder 
bed is one of the key issues to increase the density of the final part. It is known that 
monosized spherical powders have a theoretical maximum relative density of 0.64 in 
random arrangement. Unlike usual powder metallurgy methods, the interaction time of 
the laser-based melting processes is too short for the densification of the loose particles 
by means of surface tension, capillary force or rearrangement of powders. Increasing the 
packing density of the initial state of the power bed helps minimise possible porosity. 
Various models of particle packing have been proposed (Furnas, 1931). In the following 
text, a model of bimodal mixtures was applied to analyse the packing density of a powder 
mixture (German, 1989). 
8.4.1 Bimodal Model of Particle Packing 
The size ratio of the two mixed powders plays an important role in the quality of fusion 
results. With a suitable size ratio between coarse and fine particles (over 10: 1) and 
adequate composition (about wt30%) of fine particles, a relative layer density increase of 
about 15% up to 63% has been achieved (Karapatis et al., 1999). 
German proposed a model to predict the fractional packing density as a function of the 
particle size ratio and mixture composition when the inherent packing density of the 
powders and mixture homogeneity were known (German, 1989) (German, 1992) 
(German, 1996). 
The fractional packing density of small powder is fs, and fL is the fractional packing 
density of large powder. For an ideal mixture, the maximum green density. occurs when 
large particles produce a close packing and all the interstices between the large particles 
are filled with small particles at a density offs, giving 
fý 
'" 
fL +(i-M. fs 
eq. 8-2 
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at X' = fL /f0 eq. 8-3 
X" represents the corresponding composition (or content) of the large particles at the 
maximum density. 
The packing behaviour is linear with content when viewed in terms of the 
nondimensional specific volume, defined as the inverse of the fractional density (German, 
1992). With no interaction between particles, the specific volume of the mixture V, 
follows the rule of mixtures, 
Vr = XVL + (1- X )VJ , eq. 8-4 
where Vs and VL are the specific volume of small and large particles, respectively and X 
represents the volume content of large particles in a powder mixture containing particles 
of two sizes. The maximum specific volume VV of a powder mixture following the eq. (8- 
2), can be represented as 
VL -VS eq. 8-5 f1+1 VL +Vs -1 
VL VL Va 
The change in packing density over the rule of mixtures is did`, 
dV'=V, -V"= 
Vs(VL-1) 
VS + VL -1 
eq. 8-6 
However, the mixed powders seldom have ideal packing characteristics due to the 
interference between large and small particles. An empirical equation by (Furnas, 1931) 
(German, 1992) takes the effect of particle ratio into consideration at the minimum 
specific volume (i. e. the maximum packing density) and gives 
dVo' =dV' -0.667/D, ý,; o 9 eq. 
8-7 
where dVD' is the change in specific volume from the rule of mixture at the maximum 
composition X* and D, Y, r o is a finite particle ratio. This equation is valid for spheres, 
providing the particle sizes differ by at least a factor of two. The specific volume varies 
as a linear function of composition from the maximum value at X*. 
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Another factor that affects packing is the homogeneity of mixed powder. Depending on 
the particle shape, mixing technique and overall homogeneity, the actual packing density 
is less than ideal. A homogeneity parameter is included to account for such deviation and 
ranges from unity for an ideal mixture to zero for a totally segregated mixture. Since 
homogeneity depends on the details of powder handling, it is a necessary empirical 
correction. Thus, the final packing model for bimodal powder mixtures includes the 
effects of initial packing density of each powder, particle size ratio and mixing 
homogeneity (German, 1992). It gives 
forX<X' eq. g_g 
V=V, -dV' "H- 
-I-X X' for X> X' eq. 8.9 
By solving these equations, it is possible to predict the packing density of a powder 
mixture as a function of composition, particle size ratio, the initial packing density of 
each constituent and mixing homogeneity. German has applied this model on several 
powder mixtures of size ratio over 10 in predicting packing density of a powder mixture 
and achieved fairly good agreement with the experimental values (German, 1992). 
The calculation based on the bimodal model offers a theoretical approach to choosing a 
proper size ratio of the two constituents. The influence of the homogeneity of mixing 
powders was also considered in the bimodal calculation. Two extreme cases of powder 
mixing represent a total segregation, i. e. no mixing and a perfectly homogeneous mixing 
between two powders. Some cases were studied in the following section to see the effect 
of particle size ratio in the overall packing density of a powder mixture. The model 
equations were solved by the software MathCAD. 
In Figure 8-4, calculations from the bimodal model are graphically presented. Presuming 
that the packing density of pure H10 powder is 0.6, the fractional packing density of WC 
is assumed 0.4 or 0.5 due to the greater possibility of non-spherical WC particles. These 
presumptions were confirmed by the measurements in Section 9.3. 
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As seen in Figure 8-4, with increasing size ratio and homogeneity, the fractional packing 
density grows. The effect of particle size ratio on the overall packing density decreases 
after the ratio exceeds certain values. The maximum packing density of the powder 
mixture at a specified particle size ratio is dependent on the initial packing densities and 
in practice much dependent on the particle shape, size distribution and the material 
supplier. Figure 8-5 shows the effect of initial packing density of small particles and 
homogeneity on the overall packing density of powder mixture. 
From the calculation of the bimodal model of particle packing, a very large particle ratio 
(>20) will not increase the packing density accordingly. On the contrary, a very small 
particle size increases the material cost and raises health and safety concerns during 
handling. The electrostatic effect on very small powder may become considerable. A 
ratio of around 5 to 15 is preferable based on the above calculations and the 
consideration of cost and availability of the required powder size. The presumption of 
powders with uniform size and sphere shape in the bimodal model simplifies the 
practical situation, where powders have various size distributions and shapes far less than 
ideal. However, it is sensible to select tungsten carbide with a particle ratio to another 
phase (H10) between 1: 5 to 1: 15, based on the considerations of size ratio on the packing 
density of a powder mixture, powder cost of different grades and availability. 
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Figure 8-4: Effect of particle ratio on the packing density of a mixture with the initial 
packing density of large particles fL=0.6 and (a) fs--0.5 initial packing 
density of small particles or (b) fs=0.4 initial packing density of small 
particles, respectively 
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Figure 8-5: Effect of mixing on the maximum packing density; powder mixture 
consisting of large particles of initial packing density fL=0.6 and size 
ratio= 10 
In Figure 8-6, the fractional packing density of a mixture of small and large particles with 
initial packing densities of 0.54 and 0.6 respectively, is calculated, wherein the size ratio 
of the two particles is 5: 1. These values were chosen by referring the actual properties of 
the powder system, as measured and discussed in Section 9.1 to 9.3. The influence of 
homogeneity (H) is also depicted, as H equals I means particles of both sizes are 
extremely well mixed with the small ones sitting in the voids between the large ones. 
The relative density is dependent on the composition for a given particle size ratio. The 
maximum density occurs when 73.5% large particles are mixed with 26.5% small ones to 
give a green density of 0.736. 
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Figure 8-6: Variation of green packing density versus composition for a hypothetical 
case consisting of a bimodal mixture of large and small powders 
Another question arising here is whether the WC powder should be larger or smaller than 
the HIO powder. The sintering rate increases with a decreasing particle size. Small 
particles exhibit more surface energy and hence better sintering densification. It is almost 
impossible to predict the behaviour of the powder mixture of H 10 and WC in the laser 
fusion process, due to complicated interactions of their thermal, physical and 
metallurgical properties. It would be ideal if the WC particles can be embedded in a 
matrix formed by molten H 10 particles or both materials can be melted by the laser and 
form new alloys. From the view of material supply, the size of WC powders is usually 
available from around 10 pm down to sub-microns. It would be impractical to acquire 
WC powders having a size larger than the H 10 powder 
8.4.2 Densification of Powder Mixture 
When considering the difference in melting points between the two constituents in 
fabricating FGMs with Laser Powder Fusion; the principle of liquid phase sintering can 
be applied, where the material with a lower melting point will melt first during the 
sintering process and act like a binder to surround the particles of a higher melting 
temperature. A dense structure would then be achieved. 
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Fine particles have higher surface energy than large ones due to the greater surface area. 
Higher surface energy will drive small particles to densification and rearrangement more 
easily. In SLS of a metallic mixture comprising two metal powders, with different 
melting points, it was suggested that the particle size of the material with the lower 
melting point should be smaller than the other to have a better densification with reduced 
pores (Kathuria, 1997). Laoui suggested during liquid phase sintering in SLS that it is 
advantageous to use a smaller binder particle size to the structural element for easy 
sintering and a better distribution of the binder in the sintered product. Likewise, 
decreasing the particle size of both powders can improve the density of the sintered part 
(Laoui et al., 1999). 
Certainly there is a minimum limit for the amount of particles of lower melting point. If 
there is insufficient amount of melt to fill the interstitial space, the part can become 
porous or delaminate because of lack of binding strength between and in the layers. The 
melt may become more viscous when there are some unmelted particles in it, e. g. 
carbides, and this will cause less fluid melt to fill the gaps. 
Meanwhile, the melt will possibly tend to form a ball shape due to the surface tension. If 
the melt cannot wet the remaining particles properly, the result may be a porous structure. 
Moreover, due to different grain size of the solid phase a capillary force may make it 
more difficult to achieve a specific material gradient by causing flow of the liquid phase 
towards the small size particles (Zavaliangos and Li, 1998). Therefore short processing 
times are essential. This is an additional advantage over other techniques in processing 
FGMs by laser. 
In conclusion, porosity may occur, if 
1. The packing density is too low. 
2. The amount of melt is insufficient. 
3. The melt is "too" viscous. 
4. Gas entrapment, due to the wrong arrangement of shroud and/or shielding gas. 
Though shrinkage also occurs in SLS or other powder-based RP processes, the powder is 
generally partially sintered. Therefore, the shrinkage is often around 2-3%. On the 
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contrary, the maximum theoretical value of the packing density of monosized spherical 
powder is about 0.64. This means there will be a considerable change in volume, if the 
material is melted to form a dense structure. Such significant volume change associated 
with transition of phase from liquid to solid in Laser Powder Fusion demands more 
process controls. 
8.5 Summary 
H 10 tool steel was previously decided as being one of the materials of interest. To create 
a functionally graded material for potential applications in wear resistance, the selection 
of a suitable pairing material was aided with the Cambridge Engineering Selector 
software. Six engineering materials were first selected from thousands of engineering 
materials by a set of criteria. 
These six materials were then individually examined by their possible interactions with 
the laser and their mechanical and thermal properties. Tungsten carbide (WC) was then 
chosen because there were some examples of directly processing this material with the 
Nd: YAG laser in references. This enhanced the chance of a successful laser fusion of the 
powder mixture of H10 and WC. 
Another concern was to finalise the suitable size ratio between H10 tool steel powder and 
WC powders. This consideration aimed to increase the packing density of the powder 
mixture and enhance the possibility of a dense fusion. The bimodal model was 
introduced and the calculations showed a size ratio of around 5 to 15 could increase the 
packing density significantly. The functional specifications and process considerations in 
designing a FGM were also discussed. 
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9.1 H10 Tool Steel 
The tool steel powder was purchased from Osprey UK Ltd with a specification of 
WN1.2367. The AISI H10 tool steel is the nearest equivalent in composition. 
The particle size analysis was executed by using a Particle Size Analyser ("Mastsersizer 
S" from Malvern Instruments Ltd. ). The principle of the analysis is diffraction of light 
due to different particle sizes. The large particle has a small diffraction angle and the 
small particle has a large diffraction angle. The light scattering data can then be obtained 
by picking up the diffracted light though the arrangement of an array of detectors around 
the sample. Each set of data is recorded within 2 ms and transformed into the particle 
size distribution. 
Dry powder was put in a cell which was subject to laser irradiation. Usually distilled 
water is added and pumped through a circulation system to keep the particles flowing in 
the suspension. The measurement was run three times. The uniformity (i. e. the absolute 
deviation from the median) of the measurement was 0.2977. Complete measurement data 
can be found in Appendix B. 
In Figure 9-1, the cumulative undersize curve represents the percentage of particles 
below a certain size. To take an example, D(v, 0.5) represents the particle size with 50% 
of total particle under this size. The frequency curve is obtained by differentiating the 
cumulative undersize curve. The peak of the frequency curve gives the modal diameter, 
i. e. the most commonly occurring diameter. The applied H10 powder exhibits a mono- 
dispersive distribution. 
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Figure 9-1: Particle size distribution of H 10 tool steel powder 
The particles were generally spherical, as shown in Figure 9-2. The microstructure of the 
powder was revealed by fine polishing and etched with 5% Nital solution. Details of 
etching and microstructures are discussed in Chapter 14. The composition of the powder 
was analysed by Energy Dispersive X-ray (EDX, also known as Energy Dispersive 
Spectroscopy). 
Figure 9-2: Morphology and microstructure of H10 tool steel powder 
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The chemical nominal composition of the H 10 powder and 1-113 substrate is summarised 
in Table 9-1. 
1110 tool steel powder sized: -212 µm +63 µm 
Specification: WN 1.2367 
Batch no. 953207/216 
Composition % Fe C Si Cr Mo Mn V P S 
Quoted by supplier 89.4 0.37 0.85 5.07 2.98 0.70 0.66 
EDX average 89.7 -- 0.73 5.14 2.93 0.73 0.76 
H13 substrate 
(from supplier) 
91.0 0.39 0.96 5.07 1.26 0.35 0.93 0.021 0.003 
Table 9-1: Nominal composition of applied 1-110 powder and 1113 substrate 
EDX is not able to detect the content of carbon and some errors may be expected in 
determining quantitatively elements of low atomic numbers (<1 1). If this aspect is taken 
into account, the composition of the H 10 tool steel powder is close to the quoted 
specification. Secondly, there is no response of oxygen in the EDX spectrum, as shown 
in Figure 9-3. 
tnargy O V) 
Figure 9-3: EDX spectrum of H 10 tool steel powder 
72 
9 Characteristics of the Powders 
Like many other alloy steels, the H10 tool steel contains several alloying elements to 
help maintain hardness and wear resistance at higher temperature, yet have sufficient 
toughness for many hot work applications. 
Chromium is mainly for the hardenability of tool steels. The content of chromium gives 
an indication of the balancing effects between hardness and toughness (Davis, 1995). 
The silicon content is for improving the oxidation resistance. Chromium provides some 
protection against oxidation under high temperature conditions, and the silicon 
supplements this protection (Roberts, 1980). 
Molybdenum forms carbides with iron and carbon. The complex carbide is very hard and 
contributes significantly to wear resistance (Davis, 1995). 
Vanadium promotes the formation of very hard, stable carbides, which significantly 
increase wear resistance and, to a lesser extent, hot hardness. When properly balanced by 
carbon addition, an increase in vanadium has relatively little effect on the toughness 
(Davis, 1995). 
9.2 Tungsten Carbide 
The pure tungsten carbide (WC) was obtained from Sandvik UK Ltd. The composition of 
the WC powder was 93.87wt% W and 6.13% C. The particle shape of WC was prismatic 
and irregular, as shown in Figure 9-4. 
The particle size analysis was executed by using a Particle Size Analyser. Slightly 
different to the procedure mentioned in Section 9.1,25% glycerol was added to the 
distilled water to increase the viscosity of the solution for analysing the particle size. As 
the images in Figure 9-4 and the particle size distribution curve in Figure 9-5 show, the 
span of WC powder size distribution was much wider than that of H 10 tool steel powder. 
Since WC was much smaller than H10 tool steel powder, this irregularity in size of WC 
would not affect the experiment's results significantly. The uniformity of the 
measurement was 0.4292. Complete measurement data can be found in Appendix B. 
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Figure 9-4: Scanning electron micrographs of WC powder 
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Figure 9-5: Particle size distribution of tungsten carbide 
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Data on both powders derived from the particle size analysis are summarized in Table 
9-2. 
Powder D(v, 0.1) D(v, 0.5) D(v, 0.9) Peak Volume Surface 
diameter mean mean 
diameter diameter 
H10 tool steel 83.51 µm 138.95 µm 212.91 µm 150 µm 142.83 µm 88.55 µm 
WC 12.1 gm 27.15 µm 49.67 µm 32 µm 29.23 µm 20.94 µm 
Table 9-2: Characteristic particle sizes of H 10 and WC powders 
9.3 Powder Bed Density 
9.3.1 Apparent Density 
Apparent density is measured when the powder is in the loose state without agitation. 
The measurement of the apparent density of the power bed was done by layering powder 
in a pocket of a metal block. The powder was levelled by a blade, as is common in some 
of the laser sintering processes. The weight of powder and the volume of the pocket (i. e. 
the volume of powder) were easy to obtain. The apparent density of a powder bed of H 10 
was measured after levelling as 0.605. The apparent density of tungsten carbide was 
measured as 0.54. 
9.3.2 Tap Density 
Tap density is the highest density that can be achieved by vibration of the powder 
without application of external pressure. For measuring the tap density, a graduated 
cylinder of powder is vibrated for a certain number of taps. Afterward the volume is 
measured, and it should be higher than the apparent density. The tap density depends on 
the material, vibration amplitude, vibration direction, frequency, shear, and test apparatus 
(German, 1989). 
Theoretical density corresponds to the handbook density value where there is no porosity 
present. Most powders have a measured true density below the handbook value due to 
contamination. The true density of a powder is measured by a device called a pycnometer, 
which pushes gas into the pores between the particles (German, 1998). 
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The tap density of three powders were measured by a tap density volumeter, from which 
the volume change was read after performing a certain number of taps. Powders, 
including H10 tool steel, tungsten carbide and mixture of 80wt%H10-20wt%WC, were 
placed in a graduated cylinder (250 ml with an inner diameter of 37.3 mm) respectively. 
The tapping speed varied slightly with the weight of the powder and ranged from 82 to 
85 taps per minute. The tap density increased with the number of taps. At the start of 
tapping, there was a difference between the apparent density and tap density. It was 
because the powder was placed in a tall cylinder and the gravity caused a certain degree 
of compaction. 
In Figure 9-6, the tap density of H10 powder increased to 0.67 after more than 2500 taps. 
The maximum packing density for a powder bed of spherical particles with a mono size 
is 0.64 (German, 1989). The tap density of H10 powder was higher because of its size 
distribution. On the other hand, the particle shape of WC powder was irregular and 
prismatic. This resulted in a much lower packing density. The tap density of WC powder 
increased from 0.54 to 0.59 after 3000 taps. According to the bimodal model of powder 
packing in Section 8.4.1, the relative density of a powder packing can be increased by 
mixing different ratios of the particle size. For the powder mixture of 80wt%H10 and 
20wt%WC (equivalent to 89vo1%H10-1lvol%WC), the theoretical density was 
calculated by the rule of mixture. As shown in Figure 9-6, the relative density of the 
powder mixture increased significantly from 0.64 to 0.72. The size ratio of H10 to WC 
was 5: 1 and the resultant tap density of the powder mixture agreed well with the 
theoretical prediction shown in Figure 8-4(a). 
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Figure 9-6: Measurement of the tap density of powders by a tap density volumeter 
9.4 Summary 
The selected H 10 tool steel and WC have an average particle size of 139 µm and 27 µm 
respectively. The nominal compositions of both powders were examined with EDX. The 
apparent packing density of H10 was measured as 0.605 and the apparent packing 
density of WC was 0.54 due to its irregular particle shape. The packing density of the 
powder mixture of 80wt%H10 and 20wt%WC increased to 0.64 due to the a size ratio of 
5: 1 from these tow powders. 
In the last few chapters, a powder system was designed, selected and characterised for 
fabricating dense structures of H 10 tool steel and FGMs of H 10 and WC. In the 
following chapter, the processing system would be introduced and discussed. 
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The experimental set-up consisted of a laser, beam delivery, 4-axis CNC controlled 
machine, material handling and ancillary system. The latter included the chiller, gases 
and some safety facilities. 
10.1 Laser Setup 
A GSI Lumonics JK701H Nd: YAG (wavelength 1.06 µm) pulsed laser with max. 550 W 
was used. This Nd: YAG pulsed laser could operate with three different type of resonators 
(mirror systems): standard, LD1 and LD2, where LD1 and LD2 use a special optical 
arrangement on the rear mirror to achieve low beam divergence. However, the mean laser 
powers with LD 1 and LD2 were fixed at 170 W and 275 W respectively. A standard 
resonator (also known as a "welder") does not have such a restriction and give a wider 
parameter range to the requirements of this study. 
The laser beam was delivered by an optical fibre of 01 mm and so had advantages of 
more processing flexibility and a spot size relatively independent of applied laser power. 
The raw beam coming out of the front mirror of the resonator was focused to a beam of 
slightly less than 1 mm (measured from the burn paper as a common practice) in 
diameter by a lens of 160 mm focal length. This focused 1 mm beam was coupled with 
the optical fibre and the original beam characteristics were kept and transferred to the 
focusing unit near the material processing area. After collimation, the laser beam was 
focused again using a lens of 80 mm focal length. Due to the preservation of beam 
properties by the optical fibre, the ratio of beam diameter to focal length stayed constant 
before entering and after exiting the optical fibre. 
The focusing unit, No. 7 in Figure 10-1, consisted of a focusing lens and its housing, 
protective glass and nozzle mount with a connection to the process shielding gas. 
The laser system included a CCD camera with magnification of X36. The CCTV system 
enabled online monitoring of the process, focusing of the laser beam as well as 
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convenient length measurement. The whole experiment was carried out in an inert gas 
shrouding (Ar) with a minimum pressure of 2 bar to minimise possible surface oxidation. 
The gas flow rate was kept at 151/min. 
The H10 tool steel powder was pre-layered with a thickness of 1 mm by a designed 
frame and manual levelling. No preheating was applied throughout the whole experiment. 
Figure 10-1: System set-up 
1. Optical fibre 
2. CCTV camera 
3. Z-axis 
4. Gas pressure gauge 
and flow meter (Ar) 
5. X/Y table 
6. Powder bed 
7. Focusing unit and 
nozzle 
8. Mirrors 
Due to the laser power transmitted though various optical components, power losses 
were expected. Typically the fibre-optic cable can cause 10-12% energy loss in 
transmission and other lenses (fibre input lens, recollimation lens, prism splitter lens and 
focusing lens) may result in 0.5% loss each. A cover slide glass was located in front of 
the focusing lens for protection. However, the cover glass can cause approximately 10% 
or more loss as it picks up contamination. This can be reduced by being coated with an 
anti-reflection material, but this is much more expensive than a uncoated sacrificial glass 
(Robin, 2000). Overall, the total loss of power was estimated to be 22.5% to 25%, if only 
a normal cover glass was applied. 
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10.2 The Pulsed Laser 
The amplitude of the desired current-pulse is termed the Height (h) with units in %. The 
duration of the current-pulse demand is termed the Width (w) with units in milliseconds 
(ms). 
The energy in a rectangular laser pulse of peak power V and Width w is given by 
E=V"w [Joule] eq 10-1 
The mean output power is proportional to the number of pulses emitted by the laser in 
one second. If pulse energy E is issued at the repetition rate (or frequency) f pulses per 
second, the mean power output 
P=E"f [W] eq 10-2 
Moreover since pulse peak power is roughly proportional to the square of pulse height h, 
the pulse energy can now be formulated as 
E=(c"h2)"w eq 10-3 
where c represents a system constant (G5I Lumonics, 1992). 
The average power output can also be expressed as 
P =ýc"h2ý"w" f eq 10-4 
In fact, there are possibilities to compose complex pulse shapes by setting different 
current-demand levels within a pulse. The overall effect is a profile which is similar to a 
histogram, but the laser output is a smoother profile due to the filtering effect of the laser 
(GSI Lumonics, 1992). For example, the laser output can be split into two successive 
pulses, i. e. pre-pulse and main pulse or main pulse and after-pulse, depending on their 
relative sizes. Pre-pulses can pre-condition "difficult" materials in readiness for the main 
pulse, so that the process consistency can be greatly improved. After-pulses are generally 
used for annealing, following welding pulses, to minimise problems in materials prone to 
weld-cracking. 
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The maximum available pulse width was 20 ms. The available pulse frequency was 
dependent on the pulse energy due to the finite laser power (see eq. 10-2 and eq. 10-4). 
By increasing pulse width, pulse energy increased and vice versa. 
In the preliminary tests on the laser, the system constant c was easy to obtain from eq. 
(10-2) and (10-3) by noting down the reading of the laser power output with respect to 
the entered values of the pulse width, pulse height and the repetition rate. The 
measurements at the repetition rate of 10 Hz are shown in Figure 10-2. It was found that 
the constant c in eq. (10-3) was not "constant" at all and declined with the increasing 
pulse energy. Meanwhile, the constant was also pulse width-dependent. 
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Figure 10-2: System constant vs. pulse energy for the focused beam with various 
pulse widths 
10.3 Laser Variables 
From the previous section, the pulse height is a dependent variable due to the pulse 
energy which is a function of the pulse width and pulse height in eq. (10-3). The average 
power is a function of pulse energy and repetition rate in eq. (10-2). Therefore, the 
independent laser variables that need to be studied are pulse width, repetition rate, pulse 
energy and focusing position. 
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10.3.1 Pulse Width 
This is also referred to as pulse length or pulse duration. This is the time or duration of 
the pulse emitted by a pulsed laser typically expressed in milliseconds. Available pulse 
widths varied from 0.5 ms to 20 ms. 
A laser pulse is a single, short duration burst of energy, achieved by turning the pumping 
source ON and OFF at the desired rate, or by the use of Q-switching or other beam 
modulation techniques. A Q-switch is a device which spoils the lasing oscillation in a 
controlled way using a mechanical chopper, an optoelectric shutter or an acoustic-optic 
switch (Steen, 1998). A pulsed laser emits light in a series of such pulses rather than 
continuously. A simple square pulse shape can be depicted as follows. 
Pulse 
14 
Pulse width 
Figure 10-3: Illustration of simple square pulses 
In the following experiments, only simple square pulses were applied, though 
complicated pulses composing of several basic square pulses are possible in material 
processing applications. 
10.3.2 Repetition Rate 
Unlike in a continuous laser, the laser power of a pulsed laser is a product of repetition 
rate and pulse energy. If the feed rate was set too high, the repetition rate would need to 
be higher and this would have made the choice of pulse energy limited. This will be 
further discussed in the following text and shown in Figure 10-5(a). 
In some laser systems, the repetition rate is controlled by the pulse width and related duty 
cycle time (in %), which is defined as 
Duty cycle time (%) = Pulse width (s) / Length of a pulse (s) * 100% 
= Pulse width (s) * Repetition rate (Hz) * 100%. 
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Duty cycle time can be practically understood as the percentage of the "laser pulse-on" 
time of the whole process. 
10.3.3 Pulse Energy 
Laser pulse energy in Joules is the total energy contained in a single laser pulse. This can 
be much higher than that of continuous wave operation. Laser pulse energy is a function 
of pulse width and pulse height, as seen in eq. (10-3). 
A built-in energy monitor unit is mounted adjacent to the first steering mirror unit. The 
measurement is performed by a silicon photodiode. The generated photocurrent is 
amplified in a circuit to give a signal proportional to the pulse peak power. The 
sensitivity of the monitor circuit is factory calibrated so that the value displayed on the 
control panel is the pulse energy of the output beam (GSI Lumonics, 1992). The pulse 
energy was also measured with a laser probe at the end of the beam path. Both readings 
from the built-in energy monitor and the laser probe were within an agreeable range. The 
beam profile was similar to a top hat shape. 
The relationship between the pulse width, pulse height and pulse energy was determined 
experimentally by noting down the entered values of the pulse width and pulse height 
and the resultant pulse energy. A contour map is depicted in Figure 10-4. 
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Figure 10-4: Pulse energy as a function of pulse width and pulse height 
These curves can be used, when system components are replaced, e. g. new flashlamps or 
lens, to check if laser performance still remains as they were at previous settings. 
In general, there are some common characteristics among variables in laser welding or 
similar processes, e. g. powder fusion. 
1. An increase in laser power at constant processing speed yields a proportional 
increase in penetration depth. 
2. An increase in speed at constant laser power results in a corresponding decrease in 
penetration depth. 
3. For a given penetration depth, the feed rate scales with the laser power. 
In the preliminary tests, the maximum limits of the pulse energy at various settings were 
determined by fixing one parameter and adjusting other parameters to reach the system's 
maximum. The characteristic curves of the Lumonics JK701 H laser are presented in 
Figure 10-5, where Figure 10-5(a) shows the relationship between pulse energy and 
repetition rate at the maximum power output 550 W. Figure 10-5(b) indicates a 
characteristic curve of the pulse widths at their maximum pulse energy. 
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Figure 10-5: Laser characteristic curves of Lumonics JK701 H: (a) the relationship 
between pulse energy and repetition rate for the maximum laser power 
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pulse widths 
10.3.4 Laser Spot Size and Focusing 
The laser beam was delivered through an optical fibre and this set-up made the beam size 
relatively independent of the applied laser power. Due to lack of equipment, a direct 
analysis of beam shape and energy distribution was not possible. Consequently, the laser 
spot size was measured by firing single pulses of various laser parameters, i. e. pulse 
widths and pulse energies, on a 0.05 mm thick Kapton film. The Kapton® polyimide 
film has properties such as high melting point (about 400°C) and low thermal 
conductivity. These characteristics make Kapton® films a common alternative in 
determining the laser spot size. The measurement was done by taking digital images of 
the laser generated holes in the Kapton® film and analysing these with the LINCE® 
software. Figure 10-6 shows the measured size of holes created with different pulsed 
widths and pulse energies. It is evident that the hole size was proportional to the applied 
pulse energy. The diameter of hole also increased with increasing pulse width, when a 
constant pulse energy was applied. The laser spot size was then determined as 0.8 mm by 
averaging the measurements. 
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The minimum waist diameter of a laser beam is determined by the wavelength, focal 
length of the focusing lens, and beam diameter at the focus optic and beam mode. In 
practice, it is more useful to establish tolerant processing conditions by introducing the 
concept of f-number which is derived by dividing the focal length of the focusing optic 
by the beam diameter incident on the focusing lens. The f-number for the Nd: YAG laser 
was 4.5 with a focusing optic of a focal length of 80 mm. 
The depth of focus also depends on the wavelength of the laser light and the f number. 
The waist length provides a working depth where laser density will not decrease more 
than 10% due to the increase of diameter. Therefore, it gives a tolerance in setting of the 
focus position and enhances reliability (Dawes, 1992). 
The effect of focusing position, i. e. the beam waist, was demonstrated by firing single 
shots of laser on a Kapton® film with an incremental movement of the nozzle unit (or the 
substrate, depending on the system configuration) along the laser beam axis. If the 
movement is in the right direction, one should have the spot size changing to a minimum 
and then gradually increasing again. The distance where there is a minimum spot size is 
where the laser has its waist beam diameter. Away from this point, the beam diverges. 
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The hole size was measured by digital images and the LINCE® software. The laser was 
set up in such a way that the focusing position of the camera was identical with the 
minimum waist of the beam. As a result, it was convenient to control the focusing 
position of the beam. Figure 10-7 shows that the laser beam started to diverge when the 
beam moved 0.3 mm in both directions from the focusing point. 
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Figure 10-7: Hole diameter as a function of focusing position 
10.3.5 Feed Rate 
Pulse width 5 ms 
Pulse energy 10 J 
Repetition rate 10 Hz 
The working table was driven by a 4-axis CNC system which could operate 
independently from the laser. In the commercial Laser Sintering machines from EOS and 
DTM (now 3D Systems), the laser beam is guided by oscillating the optomechanical 
scanning mirrors (galvano-mirrors) to scan on materials. 
Feed rate can be understood as the speed of the nozzle (i. e. the laser) relative to the 
material being processed. In principle, the maximum speed of slides could reach 
20000 mm/min in X and Y directions and 6000 m/min in Z-axis. The rotary axis had a 
maximum speed of 13 rev/min. Table speed was programmed in a typical CNC 
programme (G-codes) in mm per minute, typical values varied from 100 mm/min to 
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1000 mm/min in the X and Y direction. The coordination of the table movement with the 
laser shutters and variables was also achieved by programming. 
10.4 Beam Delivery System 
The beam delivery system takes the output beam from the laser head and brings it to the 
workpiece. The beam delivery system directs the beam to the workpiece through the use 
of mirrors or a fibre optic cable and focuses the beam onto the workpiece via a lens. In 
the current system configuration, a fibre optic cable was installed. This was more flexible 
than a mirror system and it was also simpler to keep the beam in alignment. 
Once the beam is delivered to the workpiece, it needs to be focused to a spot of high- 
energy intensity in order to perform the intended application. The focusing unit consists 
of the final focusing optic and a shield gas nozzle. A height sensor is sometimes 
incorporated (e. g. for cutting) to maintain the standoff distance from the focusing optic to 
the workpiece. 
Typical material of the focusing optics for Nd: YAG lasers is quartz. A common plano- 
convex lens was adopted because it was less expensive than the positive meniscus 
version and suitable for most applications and in addition, was more suitable for larger f- 
numbers (greater than 3). The lens was clamped with an O-ring under light compression 
in a lens mount A consumable, inexpensive glass window was used to protect the lens 
from spatter and contamination. 
10.5 Shield Gas 
A shield gas prevents the solidifying molten metal from oxidising and thus avoids 
porosity and oxide inclusions which give rise to poor fusion quality. Moreover, a shield 
gas also protects the transmission of a laser beam as it focuses on the work, thus ensuring 
a minimum of beam expansion and scattering caused by vapours (Dawes, 1992). In 
addition, the formation of plasma associated with the high energy input can absorb the 
laser irradiation and decreases the efficiency of the energy coupling into the materials. 
With proper choice of shield gas and its flow rates, the influences coming from the 
plasma can be effectively suppressed. 
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Helium is clearly the best of the common shielding gases for performance and quality 
CO2 laser welding, because it has the highest ionisation potential. This means it can 
absorb more energy before breaking down and promoting an unacceptable plasma 
formation. The drawback to using helium in the UK is the high cost and the price of 
helium is approximately 2.5 times than of argon (Dawes, 1992). 
Argon is a good cover gas for preventing oxidation due to its weight, as it is heavier than 
air. However, under some circumstances, the heavier argon does not readily escape from 
the weld zone, it stagnates and suddenly forms a very dense plasma, causing a sudden 
loss of energy penetration. 
Argon was used as the shielding gas and the flow rate of argon was adjusted to 151/min, 
which was the maximum value possible without affecting the layered and levelled 
powder bed. 
10.6 X/Y Table 
A CNC controlled 4-axis (x, y, z and rotary) machine was used. The movement of the 
table or axes were programmed, but only x or y directions were used at a time in the 
experiments. The X/Y table consisted of two slides driven by DC servo motors. The 
slides were fitted with home and limit switches. The feedback of the encoder allowed 
accurate control over positioning and speed and eliminated the accumulated errors. The 
movement of the X/Y table was programmed and controlled with common G-code 
machining language. The G-code programme could control the table's travel and some of 
the laser parameters and gas flow. 
10.7 Material Handling 
Workpiece handling was done by manually spreading and layering powders and then 
processing under an inert gas shroud. Simple stacking frames of various layer thickness 
(0.4 mm to 1 mm) were used to build up multiple layers, as shown in Figure 10-8. 
Powder was deposited on the H13 substrate, which was degreased before starting each 
experiment. 
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Stacking 
plates 
Figure 10-8: Fixture of workpiece 
Stacking marks 
r 
Defined layer 
thickness 
For manual operation, variation of composition is much simpler to realise in the z- 
direction than in x/y plane by discrete layers of mixture consisting of different powder 
compositions. Throughout the whole experimental work, the variation of composition 
was only done in the z-direction. 
Experiences from the PROMET project showed it was essential to preheat the powders to 
form a non-porous structure and at the same time to prevent the workpiece from warping 
(Peterseim and Luck, 1997). The powder bed could be preheated by an infrared lamp 
situated underneath the powder-stacking fixture. The infrared lamp was tested and able to 
offer a homogeneous temperature distribution in the powder bed. The temperatures in the 
powder bed could be controlled by adjusting the distance between the bed and lamp. The 
maximum achievable steady preheating temperature for a powder bed of H 10 tool steel 
was 270°C. Later, however, it was found that such temperatures made the manual powder 
handling difficult and unsafe. The preheating also caused extensive oxidation of the 
powder, where the colour of powder changed, and made the powder not suitable for re- 
use. As a consequence, preheating was not used throughout this experimental work. 
The H13 tool steel substrate was ordered from Bohier-Uddelholm (UK) Ltd. The hot 
work tool steel was cold rolled, annealed, pickled and had a Brinell hardness (HB) of 178, 
which approximately equals Rockwell hardness (HRA) 53-55. 
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10.8 Process Variables and their Ranges 
Unlike a continuous wave (cw) laser, a pulsed laser has more variables involving output 
characteristics, e. g. pulse width, pulse energy, repetition frequency etc. This makes the 
rationalisation of an experimental plan more difficult. 
Variables of concern are listed in the following table to give an overview of the entire 
system. Variables classified as "control factors" were studied within the scope of this 
work. A variable classified as "fixed" remained constant or unchanged throughout the 
whole study, where "optional factors" were variable which were kept constant in the 
experiments, but could be studied in the future. 
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Variable Range Classified attribute 
Laser & Optics (GSI Lumonics, 1992) 
Pulse width 0.5-20 ms Control factor 
Pulse energy 0.1-70 J Control factor 
Pulse height 0-100% Fixed (for a given pulse width and 
pulse energy) 
Pulse frequency 0.2-500 Hz Control factor 
Pulse shape Rectangular 
(top-hat) 
Optional factor 
Average power 0-550 W Fixed; for a given pulse energy and 
pulse frequency) 
Focal length 80 mm Fixed 
Focused beam Yes/No Yes resent setting) 
Spot diameter 0.8 mm Optional factor 
Beam shape (energy 
distribution) 
Top hat shape Noise factor 
Axes range and movement (GSI Lumonics, 2000) 
Range X 600 mm Fixed 
Y 450 mm Fixed 
Z 450 mm Fixed 
A (rotary axis) +/- 90° Fixed 
Max. X 20000 m/min Control factor 
speed Y 20000 m/min Control factor 
Z 6000 m/min Fixed 
A (rotary axis) 13 rev/min Fixed 
Min. X - Control factor 
speed Y - Control factor 
Max. X 1016 mm/s Fixed 
acce. Y 1016 mm/s Fixed 
Interaction of table speed and pulse 
frequency 
Interaction of factors 
Process 
Overlap ratio of beads 
(scanning spacing) 
0%-100% Control factor 
Preheating temperature None - 300°C Control factor 
Shielding gas type No/ Argon Control factor 
Shielding gas pressure Up to 8 bar 
(from regulator) 
Control factor 
Shieldin gas flow rate Up to 50 1/min Control factor 
Scanning pattern Raster etc. Control factor 
Table 10-1: Overview of process variables 
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10.9 Summary 
Features of the processing system were presented. Laser variables includes pulse width, 
pulse energy, repetition rate and focal position; tests were conducted to characterise these 
features. 
Powder was manually layered and levelled with a designed fixture. Argon gas was used 
as shielding gas to protect the materials from oxidation. A CNC programme was used to 
coordinate the laser control and the movement of the X/Y table. Processing variables and 
their ranges were summarised to give an overview. This helped decide upon a suitable 
experimental matrix, which would be discussed in the following chapter. 
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Results of Single Beads 
The methodology in conducting experiments to achieve dense fusion results started from 
fusing single beads. Since there were many processing parameters involved, the 
combinations gave various fusion results. These results were qualitatively characterised 
and quantitatively analysed against several defined criteria. This process helped narrow 
the operating window in processing H 10 tool steel powder and delivered an optimised 
processing condition, which could generate reliable single beads. By overlapping single 
beads, single or multiple layered structures could then be produced. 
11.1 Single Scan on Plate without Powder 
To produce a single bead, there are two additional variables to consider, namely table 
speed (scanning speed) and the pulse frequency (repetition rate). It is essential that spots 
are sufficiently overlapped to produce a continuous bead. That means pulse frequency 
should also increase, when higher processing speed is used. The objective was to find the 
relationship between the repetition rate and table speed to ensure a sufficient overlap 
between successive spots. The finding helped in fusing powder in practice. 
Spot radius and the distance L between two spots can be measured through the built-in 
CCTV system of the GSI-Lumonics Laser. If the table moves L length in X or Y 
direction with a speed of v and laser pulse frequency f, as depicted in Figure 11-1, the 
overlap ratio of spots can be written as: 
Overlap ratio of spots= 
L 
-100%= 1- 
L 
-100%= 1- 
L-y 1.100% 
eq 11-1 (n-1)"D (L/v- f -1)"D (Lf -v)"D 
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L 
Figure 11-1: Illustrations of the overlap ratio of spots 
In seam welding applications, it is recommended that the each spot overlaps the previous 
one by at least 70% to ensure even penetration and leakproof ("hermetic") welds (GSI 
Lumonics, 1992). Due to the similarity between seam welding and powder fusion, a spot 
overlap ratio of 70% was a reasonable value as a starting point. 
A pulse of 15.5 J with pulse width 10 ms was used, because it could produce a clear spot 
on the H13 substrate. Considering the finite laser power, three levels of pulse frequency 
were applicable: 10,20 and 30 Hz. (Pulses of 15 J at 40 Hz would exceed the maximum 
available power of 550 W. ) Table speeds of three levels were initially set at 500,750 and 
1000 mm/min. Later the table speed was changed accordingly due to lack of overlap in 
some settings. Complete parameters for the experiments are listed in Table 1l -1. 
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Run Pulse 
width 
(ms) 
Pulse 
energy 
(J) 
Rep. rate 
(Hz) 
Ave. 
Power 
(W) 
Table speed 
(mm/min) 
Overlap ratio 
(eq. 11-1) 
Characteristics and 
remarks 
1 500 No Too fast, spots not 
overlapped 
2 10 15.5 10 153 750 No Too fast, spots not 
overlapped 
3 1000 No Too fast, spots not 
overlapped 
4 500 61.7% 
5 10 15.5 20 300 750 41.9% 
6 1000 21.7% 
7 500 0 74. 7 
8 10 15.5 30 435 750 61. % 
9 1000 48.6% 
10 100 84.9% Blurred surface, 
11 10 15.1 10 151 200 69.5% 
12 300 53.8% 
13 200 84.9% 
14 10 15.5 20 300 400 69.5% 
15 600 53.8% 
16 300 84.9% 
17 10 15.5 30 435 450 77.2% 
18 600 69.5% 
Table 11-1: Parameter settings and results 
At a given pulse energy (15.5 J at 10 ms pulse width), the relationship of pulse 
frequency and scanning speed was investigated. The spots on plate did not overlap each 
other, because the initial settings of speed were still too fast for pulses of 10 Hz. This 
subsequently meant a dotted line in the powder, as seen in Figure 11-2(a) and (c). Table 
speeds were consequently set at lower values (100,200 and 300 mm/min) for repetition 
rate of 10 Hz and other equivalent values for 20 and 30 Hz. These results are shown in 
Figure 11-2(b) and (d). 
A possible relationship of frequency and table speed was identified by the results and 
calculations: 
Frequency 10 Hz Table speed 200 - 300 mm/min 
Frequency 20 Hz Table speed 300 - 400 mm/min 
Frequency 30 Hz Table speed 400 - 600 mm/min 
The findings were used in the following tests of fusing H 10 powder to decide the proper 
parameter settings. 
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Figure 11-2: Examples of some overlapped spots with parameters in Table 11-1 (a: 
runs 1-9; b: runs 10-18, scans without powder; c: runs 1-9; d: runs 10-18 
scans with powder) 
11.2 Initial Results of Single Beads 
Various combinations of parameters were extensively performed to test the system's 
capability and to broaden the possible combination as much as possible. Parameters and 
related fusion results are listed in Appendix C for reference, due to the large amount of 
data. Observation on surface characteristics were also commented, followed by the terms 
and description used in Table 11-2. 
The fused beads on the substrate were roughly divided into two categories: one with all 
beads firmly fixed on the substrate, no matter what the appearance of beads; the other 
contained other broken beads or partially bonded results which were not firmly fused to 
the substrate. In Figure 11-3, the label "Not bonded" means there was not sufficient 
bonding between beads and substrate, whereas "Bonded" means the opposite. These 
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criteria were applied to see the effects of the various parameters (pulse energy, repetition 
rate and average laser power) on the powder fusion. In fact, mixed results are shown and 
it is hard to recognise why there were opposite results for many experiments under 
similar processing parameters and conditions. 
However, "specific energy density" is a defined variable in Laser Sintering and laser 
material processing and is called the Andrew number in the literature (Nelson et al., 
1993). Specific energy density describes the distribution of laser energy in a scanned area 
along a linear movement and is defined as in eq. (11-1): 
specific energy density = 
laser power(P) 1J/2 eq. 
velocity (v) beam diameter (d) 
11-1 
Sometimes it can be also found in reference that scan spacing, instead of beam diameter, 
is used in the above formula for describing the overlapping scans (Subramanian et al., 
1995) (Williams and Deckard, 1998). 
If one examines the same data by depicting specific energy density against pulse width, a 
clear trend between data is observed, as shown in Figure 11-4. The variable specific 
energy density considers the resultant effect of three parameters on the formation of 
beads. 
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Figure 11-3: Effects of different parameters on the fusion results: (a) pulse energy, (b) 
repetition rate and (c) average laser power. 
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The system behaviour in the marked "transitional region" still cannot be fully understood. 
It is believed that the cooling effect of fused beads may play an important role. For 
instance, when processing several scans in one run, the first bead was deposited on a 
"cold" powder bed, where the following beads were in fact formed by "hot" powder 
through heat conduction. 
Also, the substrate sometimes became distorted due to high energy input and the "hot- 
cold" thermal cycles. The distortion of the substrate then affected the focusing of the 
laser beam, layer thickness of the powder bed and deposition of new beads. All these 
variables and their effects increased the complexity of the processing and lessened the 
repeatability of results. 
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Figure 11-4: Same results from Figure 11-3 but presented with the defined variable 
"specific energy density" 
100 
11 Experimental Strategy and Results of Single Beads 
At the same pulse energy, the peak power of laser pulses is greater for shorter pulse 
widths. Therefore, there are two cases observed at a given pulse energy level: 
1. If powder can be laser-fused at shorter pulse widths (e. g. 2 ms or less), then it often 
results in beads without bonding to the substrate, i. e. insufficient energy input, for the 
longer pulse widths (e. g. 10-20 ms). For example: pulse energy 7.5 J with pulse width 
2 or 5 ms produced bonded results, where pulse energy 7.5 J with pulse width 10 or 
20 ms could not produce tracks with sufficient bonding to the substrate. 
2. If powder can be melted and firmly bonded to the substrate for longer pulse widths, the 
energy input of the shorter pulse widths may sometimes be too high. As a result of too 
much energy input/impact, the powder cannot be fused properly and was ejected from 
the powder bed due to high recoil pressure (Morgan et al., 2001c). The surface was 
heavily spattered with loud sputter. If the condition continues, the substrate will 
eventually become distorted. 
After the extensive initial fusion tests when combining various process parameters, it was 
necessary to quantify the characteristics of fused beads in order to select sets of 
parameters which would be most suitable to build structures of multiple layers. The 
contact angle between the root of a fused bead and the substrate is an important feature in 
the laser cladding process (Steen, 1998). The definition of the contact angle can be 
referred to Section 11.4.1 and 11.4.4. Similarly, a larger contact angle between the bead 
root and substrate was preferable in the Laser Powder Fusion process to avoid pores, 
when successive beads were subsequently overlapped together. In addition, a straight and 
uniform bead was essential, when considering each single bead as a fundamental element 
in building up a structure. The uniformity was analysed by measuring the bead widths 
across the whole bead length and the variance of these measurements. Another feature 
important in fabrication was the surface roughness of fused beads. A bead surface with 
less roughness and waviness was desirable, so that it would be easier for layering the 
next layer of powder and reduce the occurrence of porosity, when building the successive 
layer on top of the previous one. All these aspects were important in evaluating the 
quality of beads and are further reviewed and discussed in Section 11.4. 
11.2.1 General Comments 
Many bead features were observed during the tests. It would be repetitive to list all the 
pictures of the fused beads. As a consequence, the bonded beads were qualitatively 
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divided into groups to gain an overview from the results, characteristic results are 
summarised in Table 11-2, where the arrow indicates the scanning direction. 
In general, it was common to have a narrow but sputtered bead when short pulse widths 
(less than 2 ms) were applied. This may have resulted from the relatively high peak 
power of pulses due to short pulse widths. Evaporation and ionisation of powder formed 
plasma and this could cause a shock wave imposed on the powder bed (Morgan et al., 
2001 c). The disruption of the powder layer resulted in an inhomogeneous surface texture 
on the bead. An impact sound on the substrate associated with the laser pulsing could be 
heard while conducting experiments with short pulse widths. 
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(1) 
(2) 
Examples Characteristics 
" Specific energy density very high 
(e. g. >30 J/mm2) 
'' " Often happened at shorter pulse 
widths (2 ms or less) 
"r' S' 
" Uneven or sputtered surface 
" Smooth bead appearance 
" Relatively uniform bead width and 
height 
" No or little bulge (at the start of the 
bead) 
" Smooth bead appearance 
" Bulge shape at start 
(3) 
(4) 
iý "9 
A A A 1 
Iý 
I 
`10 
(5) 
" 
Rough bead sintered to the substrate 
but with excess powder attached 
Small contact angle between the 
bead and the substrate 
Larger bulge 
Discontinuous or broken bead 
Irregular bead shape 
Weak or no bonding to the substrate 
Table 11-2: Categorised features of fusion results of single beads 
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The broken beads and beads without sufficient bonding to the substrate are believed to be 
a result of too fast a table speed (with respect to a fixed laser power) or a low laser power 
(with respect to a fixed table speed). The balling effect is where the liquid is likely to 
break up into a row of spheres to reduce the surface tension (Simchi et al., 2001). 
The bulge, usually found at the start of the bead, was thought to be related to surface 
tension. When the "cold" powder bed was irradiated by the laser beam, the temperature 
suddenly rose and established a high thermal gradient in the material. Surface tension 
also increased. The surface tension forces are proportional to the difference in surface 
energy of the melt and the substrate (Morgan et al., 2001c). Consequently, molten metal 
tends to form a spherical shape to reduce surface tension. Once the scanning begins, the 
powder bed and substrate become warm or hot and the difference in surface energy drops. 
Therefore, the effect of surface tension, regarding the formation of a bulge diminishes. 
It was also observed that excessive powder was "attached" to the bead and caused 
irregular bead shape or surface features. Powder was also "dragged" into the molten bead 
by the capillary forces and surface tension, as seen in Figure 11-5(a) and (b). A void was 
created in the vicinity. This resulted in a thicker bead width and left the adjacent area 
deficient of powder. Though this did not necessarily mean a poor fusion of powder for 
the next bead and could be reduced by some well-thought scanning strategy, it still added 
uncertainty to the quality of resultant beads. If the bead height became higher than the 
specified layer thickness, it would also cause problems in laying new powder. 
Figure 11-5: Excess powder attached to a bead and resultant phenomena 
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11.3 Effects of the System Parameters on Fusion Results 
The effects of the system variables are discussed separately in this section. The laser 
movement was generally from top to bottom and from left to right in all figures, if not 
otherwise specified. The length of beads in all experiments and pictures was 20 mm. 
11.3.1 Pulse Width 
With constant pulse energy, the penetration depth often increases with a decrease in pulse 
width. This corresponds to a higher peak power but is accompanied by an increase in 
porosity and a reduction in weld quality. In general, the bead width increases with 
increasing pulse width. This can also be seen from Figure 11-6, where pulses of shorter 
pulse widths (e. g. 1 ms and 2 ms) "penetrated" through the powder bed and produce a 
spattered surface on the substrate. This can be improved by reducing the laser energy, if 
short pulse widths are inevitable, for example in creating some fine features like sharp 
corners or thin bead widths. On the other hand, the results from longer pulses widths (e. g. 
5 ms to 20 ms) were satisfactory and easier to optimise. 
It was also noticed that beads produced by larger pulse widths (e. g. 15-20 ms) are usually 
associated with less regular widths, compared to those by shorter pulse widths. Larger 
pulse widths mean a longer laser-on time. Under the same condition, longer pulse widths 
allow metal fluid to have more time to flow "freely" and heat conduction in radial and 
axial directions also has a larger effect on the bead formation. 
Different pulse lengths have different beam-off time between each pulse. In consequence, 
the cooling effect between two pulses may influence the microstructure and material 
properties. 
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20,10,5,2 ms 
(c) 
Figure 11-6: Effects of pulse width on the quality of beads with a repetition rate of 
20 Hz and (a) pulse energy of 20 J, feed rate of 400 mm/min (b) pulse 
energy of 15 J, feed rate of 200 mm/min; (c) with pulse energy of 10 J 
and feed rate of 200 mm/min. 
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11.3.2 Repetition Rate 
In a pulsed laser, the repetition rate and the scan speed decide the overlap ratio of spots 
and is displayed in Figure 11-7. 
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Figure 11-7: Spot overlap ratio as a function of repetition rate and speed 
The results from the primary tests of single beads in Section 11.2 are depicted in Figure 
11-8, where it shows that it is less practical to apply a very short duty cycle which 
corresponds to short pulse widths (e. g. pulse widths of 0.5 ms and 1 ms in the present 
system). It is also noted that many beads did not have sufficient bonding on the substrate 
when the cycle time increases to more than 60%. Apart from these, the results show wide 
variation and need to be examined from the view of specific energy density received by 
the material. 
Low pulse energy at high repetition rates may cause insufficient bonding and fusion of 
metal powders. Moreover, a more sophisticated motion control system is necessary to 
enable the table to move at high speeds. High repetition rates also shorten the life of flash 
lamps, but increase the throughput of the whole process if the feed rate is also 
accordingly increased. The repetition rate can also influence the cooling between pulses. 
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Figure 11-8: Results from the single bead tests shown in spot overlap ratio vs. cycle 
time 
11.3.3 Pulse Energy 
Pulse energy mainly determines whether the beads are firmly bonded to the substrate. 
The effect of pulse energy in fusing single beads is presented in Figure 11-9 and Figure 
11-10. Generally, pulse energy between the ranges of 8J to 14 J is capable of producing 
smooth and regular beads. Insufficient pulse energy produced small contact angles 
between bead and the substrate which was undesired. It was also evident in Figure 11-10 
that the beads produced with the pulse energy of less than 7J had an irregular and less 
consistent surface features. Too much pulse energy was likely to distort the substrate 
after only a few scans. For the substrate of H 13, pulse energy above 20 J penetrated 
through the 1.1 mm thick plate. 
As the pulse energy increased, the bead width also grew accordingly. It is worth noting 
that the bead surface also exhibited a mixed colour of blue and green with increasing 
pulse energy. These colours are typical signs of oxides. 
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Figure 11-9: Effects of various levels of pulse energy on the formation of beads at a 
repetition rate of 10 Hz and pulse width of 5 ms 
Figure 11-10: Effects of various levels of pulse energy on the l'ormation of beads at a 
repetition rate of 20 Hz and pulse width of 5 ms 
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11.3.4 Focal Position 
The effect of focal position is shown in Figure 11-11, in which the Nd: YAG laser 
scanned across a1 mm thick powder bed with different focal positions with reference to 
the powder surface. The relative focal position dz represents the distance between the 
actual focal point and workpiece surface. Positive sign means the laser moves away from 
the workpiece along the focal axis, where negative means the laser moves towards the 
workpiece. The influence of the focal position on the bead appearance and bead width is 
obvious. Figure 11-11 shows beads produced by pulses of 15 J and 10 Hz, where the 
focal plane moved from 2.5 mm above the powder surface with an increment of 0.5 mm 
towards the material and the focal plane was moved further towards the material. 
Process parameters: 
Pulse width: 10 ms 
Pulse energy 15 J 
Repetition rate: 10 Hz 
Feed rate: 200 mm/min 
Average Power: 150 W 
Spot diameter: 0.8 mm 
(focused beam) 
Focal position: +2.5 mm 
to -2.5 mm with an 
increment of -0.5 mm 
Figure 11-11: Effect of the focal position on the bead appearance 
In Figure 11-12, beads were produced under the same conditions as in Figure 11-6, 
except that the relative focal position was at dz=-1 mm rather than focal on the surface of 
powder bed (dz=0). Results were combined together for a better comparison. It is 
interesting to note that different pulse widths have different characteristics and therefore 
show different results. For example, better results were obtained for beads with pulse 
width 10 ms by shifting dz from 0 to -1 mm; however, beads with pulse width 5 ms have 
adverse effects. 
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Figure 11-12: Comparison of beads produced with different focal positions 
11.3.5 Feed Rate of the X/Y Table 
If the feed rate was low, the throughput of the system was affected. If the table moved 
too slowly, the heat input could be too much and result in distortion of the workpiece. If 
feed rate was set too high, the bead became discontinuous, as seen in Figure 11-13. To 
optimise the results, one needs to take repetition rate (i. e. pulse frequency) into account 
with any change of feed rate. If feed rate increases, repetition rate needs to be increased 
as well and vice versa. 
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Figure 11-13 Discontinuous beads, if the feed rate is too high 
The curve labelled "boundary" in Figure 11-14 was depicted through calculation and 
indicating the machine limit. At lower table feed rates, there was more choice in 
combining different parameters (e. g. pulse width, pulse energy, repetition rate etc. ) to 
give reasonable results within a large window of specific energy density. On the contrary, 
the system could only provide limited specific energy density as the speed increased and 
could often not produce "bonded" beads, especially when long pulse widths were applied. 
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Figure 11-14: Results from the primary bonding tests in Figure 11-4, shown in specific 
energy density vs. scan speed 
113 
II Experimental Strategy and Results of Single Beads 
11.3.6 Interactions of Parameters - Specific Energy Density 
As seen in Figure 11-4, results presented in specific energy density clarify the effects of 
various process parameters in fusing single beads. There was also a transitional region 
which contained results bonded to the substrate but with less homogeneous surface 
features and those desired characteristics as the fundamental building elements. Due to 
the many parameters involved, detailed maps in Figure 11-15 to Figure 11-17 with 
various levels of specific energy densities give an overview of the results and the effects 
of different parameters. The used pulsed width was 5 ms. It was common to observe an 
undesired lump at the start of a bead, therefore, images were taken at this position for a 
better comparison. 
It is clear from Figure 11-15 that a table speed of 400 mm/min was too fast for 
processing at the repetition rate of 10 Hz. The overlap of each laser pulse was not 
sufficient to give a reasonably smooth surface, as pointed out in the image with 
parameters of 24 J and 240 W. Furthermore, a pulse energy above 20 J caused severe 
damage or even cracks to the substrate. By contrast, beads of homogeneous width and 
surface features were given with the combination of the repetition rate at 10 Hz and table 
speed at 200 mm/min. The corresponding levels of pulse energy and resultant power and 
specific energy density ranged from 8J to 14 J, which is broad enough to offer some 
flexibility in processing. 
In Figure 11-16, good results were obtained with the combination of repetition rate at 
20 Hz and a table speed at 400 mm/min, where pulse energies from 8J gave the desired 
bead features. 
114 
II Experimental Strategy and Results of Single Beads 
10 Hz 
20 Hz 
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Figure 11-15: Single beads with various specific energy densities at a repetition rate of 
Figure 11-16: Single beads with various specific energy densities at a repetition rate of 
II Experimental Strategy and Results of Single Beads 
In general, results from Figure 11-17 had a lumpish start. Either table speed or pulse 
energy was too low. It would be necessary to fine-tune the table speed and pulse energy 
to eliminate such a feature, if repetition rate at 30 Hz or even higher was inevitable in 
practice. 
30 Hz 
11.4 Experimental Matrix 
To achieve a fully dense and well-fused layer later, each single bead would need to have 
a smooth and uniform surface. A bulge head was however very common from many 
parameter settings and this irregular shape could cause trouble in the subsequent scans or 
layering of powders. A straight bead with uniform width and height and large contact 
angle was preferable as a fundamental shape in building up dense layers. 
Four major variables were identified: pulse width, pulse energy, repetition rate and table 
speed, whereas the laser beam remained focused. To narrow the combinations of 
parameters and find a suitable operating window, further experiments followed. The 
pulse widths of interest varied from 2,5,10,15, to 20 ms, because pulse width of 20 ms 
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Figure 11-17: Single beads with various specific energy densities at a repetition rate of 
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was the maximum available value from the system specifications and pulse widths less 
than 2 ms did not produce many "bonded" results from the previous tests. The repetition 
rates of 10 and 20 Hz were selected. Three feed rates of the X/Y table were decided 
according to the findings in Section 11.1 (page 96), i. e. 200,400 and 600 mm/min for 
20 Hz and 100,200,300 mm/min for 10 Hz. Faster table speeds and repetition rates were 
not chosen so that the powder packing would not be affected by the sudden acceleration 
of the X/Y table at high speeds. The pulse energy was set at three levels: 7.5 J, 10 J and 
15 J. These combinations gave a range of the specific energy density from 18.75 J/mm2 
(e. g. 7.5 J, 10 Hz and 300 mm/min with a focused beam diameter of 0.8 mm) to 
112 J/mm2 (e. g. 15 J, 10 Hz, 100 mm/min), which sufficiently covered the "transitional" 
and "bonded" regions shown in Figure 11-4. 
These resulted in an experimental matrix of 90 runs. Each bead was designed to be 
20 mm long. The whole test was repeated three times. A complete listing of parameter 
settings and the fusion results is found in Table 11-3 and Table 11-4. General comments 
on the results were added, if the single beads were bonded on the substrate ("bonded", 
"broken" and "not bonded") and their surface features ("bulge start" and "sputtered 
surface"). 
In the following sections, the measurements of the contact angle, surface features, bead 
width and bead height on these fused results are presented and discussed to find suitable 
combination(s) of process parameters. 
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No Pulse width Pulse energy 
in ms in J 
Repetition 
rate in Hz 
Table speed 
in mm/min 
Bonded (Y), 
Broken (B) or 
Not bonded 
Comments 
1 20 15 20 200 Y Bulge start 
2 20 15 20 400 Y Bulge start 
3 20 15 20 600 YB Bulge start 
4 15 15 20 200 Y Bulge start 
5 15 15 20 400 Y Bulge start 
6 15 15 20 600 Y Bulge start 
7 10 15 20 200 Y Bulge start 
8 10 15 20 400 Y Bulge start 
9 10 15 20 600 Y Bulge start 
10 5 15 20 200 Y 
11 5 15 20 400 Y 
12 5 15 20 600 Y 
13 2 15 20 200 Y 
14 2 15 20 400 Y Sputtered surface 
15 2 15 20 600 Y Sputtered surface 
16 20 10 20 200 Y Bulge start 
17 20 10 20 400 Y/N Bulge start 
18 20 10 20 600 B/N Bulge start 
19 15 10 20 200 Y Bulge start 
20 15 10 20 400 YB Bulge start 
21 15 10 20 600 B/N Bulge start 
22 10 10 20 200 Y Bulge start 
23 10 10 20 400 Y Bulge start 
24 10 10 20 600 B Bulge start 
25 5 10 20 200 Y 
26 5 10 20 400 Y 
27 5 10 20 600 Y 
28 2 10 20 200 Y Sputtered surface 
29 2 10 20 400 Y Sputtered surface 
30 2 10 20 600 Y Sputtered surface 
31 20 7.5 20 200 Y Bulge start 
32 20 7.5 20 400 Y/N Bulge start 
33 20 7.5 20 600 B/N Bulge start 
34 15 7.5 20 200 Y Bulge start 
35 15 7.5 20 400 Y/N Bulge start 
36 15 7.5 20 600 B/N Bulge start 
37 10 7.5 20 200 Y Bulge start 
38 10 7.5 20 400 Y/N Bulge start 
39 10 7.5 20 600 B/N Bulge start 
40 5 7.5 20 200 Y/B 
41 5 7.5 20 400 Y/B 
42 5 7.5 20 600 Y/B 
43 2 7.5 20 200 Y Sputtered surface 
44 2 7.5 20 400 Y 
- 
Sputtered surface 
45 2 7.5 20 600 Y , 
Sputtered surface 
Table 11-3: Experimental matrix and results for the repetition rate of 20 Hz 
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No Pulse width 
in ms 
Pulse energy Repetition 
in J rate in Hz 
Table speed 
in mm/min 
Bonded (Y), 
Broken (B) or 
Not bonded 
Comments 
46 20 15 10 100 Y Bulge start 
47 20 15 10 200 Y Bulge start 
48 20 15 10 300 Y Bulge start 
49 15 15 10 100 Y Bulge start 
50 15 15 10 200 Y 
51 15 15 10 300 Y 
52 10 15 10 100 Y 
53 10 15 10 200 Y 
54 10 15 10 300 Y 
55 5 15 10 100 Y 
56 5 15 10 200 Y 
57 5 15 10 300 Y 
58 2 15 10 100 Y Sputtered surface 
59 2 15 10 200 Y Sputtered surface 
60 2 15 10 300 Y Sputtered surface 
61 20 10 10 100 Y Bulge start 
62 20 10 10 200 Y Bulge start 
63 20 10 10 300 Y/N Bulge start 
64 15 10 10 100 Y Bulge start 
65 15 10 10 200 Y Bulge start 
66 15 10 10 300 Y/B Bulge start 
67 10 10 10 100 Y Bulge start 
68 10 10 10 200 Y Bulge start 
69 10 10 10 300 Y 
70 5 10 10 100 Y 
71 5 10 10 200 Y 
72 5 10 10 300 Y 
73 2 10 10 100 Y Sputtered surface 
74 2 10 10 200 Y Sputtered surface 
75 2 10 10 300 Y Sputtered surface 
76 20 7.5 10 100 Y Bulge start 
77 20 7.5 10 200 Y/N Bulge start 
78 20 7.5 10 300 B/N 
79 15 7.5 10 100 Y 
80 15 7.5 10 200 Y/N 
81 15 7.5 10 300 Y/N 
82 10 7.5 10 100 Y 
83 10 7.5 10 200 Y/N 
84 10 7.5 10 300 B/N 
85 5 7.5 10 100 Y 
86 5 7.5 10 200 Y 
87 5 7.5 10 300 YIN 
88 2 7.5 10 100 Y Sputtered surface 
89 2 7.5 10 200 Y Sputtered surface 
90 2 7.5 10 300 Y Sputtered surface 
Table 11-4: Experimental matrix and results for the repetition rate of 10 Hz 
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11.4.1 Contact Angles 
The bead shape depends on the layer thickness of pre-layered powder. In the laser 
cladding process, it was found that the gas flow rate through the nozzle has a particular 
impact on the width and height of the clad bead. A low gas pressure gives a tall rounded 
bead, whilst a high gas pressure produces a wide flat bead (Boyle et al., 1999). An 
example of the bead shape from a cross-section produced by the Laser Powder Fusion is 
shown in Figure 11-18. The circular profile represents the bead shape and the flat part 
shows the substrate with the heat affected zone revealed due to etching. Unlike in laser 
cladding, the deposition had a circular contour on the substrate rather than an obtuse 
contact angle. 
Parameters: 
Pulse width: 10 ms, 
Pulse energy: 15 J 
Repetition rate: 30 Hz 
Average power: 450 W 
Feed rate: 500 mm/min 
Bead height=1.1 mm; Ratio=1.173 
Figure 11-18: Bead shape from the cross-section of a fused bead on the flat substrate 
(H13) 
The contact angle also indicated the wettability of the melt and was an important feature 
in overlapping beads horizontally. The contact angle therefore depends on the balance of 
three surface energies, i. e. three interfaces between solid-liquid-vapour. Good wetting 
between the liquid and solid phases can affect balling and is aided by a chemical reaction 
at the solid-liquid interface. In liquid phase sintering, good wetting may help spread the 
liquid, which is very important and is a kinetic process associated with wetting. On the 
other side, surface impurities alter the wetting behaviour and higher temperatures also 
reduce the contact angle because of increased solubility (Lu et al., 2001). 
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Since the bead shape was not always uniform, the contact angle was subject to change, 
the contact angle was measured by cross-sectioning the sample at the "head", middle and 
"tail" of a bead. The contact angles on both sides of the bead's cross-section were usually 
not the same and the measurements also had to take this into account. The measurement 
was done by taking a picture of each bead cross-section and then analysed with the 
software Image Tool developed by the University of Texas Health Science Center in San 
Antonio (UTHSCSA, 2002). The average contact angles of beads from the previous 
experimental matrix, as listed in Table 11-3 and Table 11-4, are summarised in Table 
11-5. In this case, a large or even an obtuse contact was preferable. 
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No 
Pulse 
width 
in ms 
Comments 
Contact angle 
in degree 
Standard 
deviation No 
Pulse 
width 
in ms 
Comments Contact angle in degree 
Standard 
deviation 
1 20 Bulge start 27.38 7.89 46 20 Bulge start 46.72 8.77 
2 20 Bulge start 60.44 6.79 47 20 13ul ge start 75.42 6.67 
3 20 Bulge start 63.1 7.47 48 20 Bye start 62.69 8.69 
4 15 Bulge start 72.21 3.73 49 15 Bulge start 94.01 10.91 
5 15 Bulge start 93.88 7.55 50 15 87.71 6.33 
6 15 Bulge start 85.05 4.33 51 15 67.59 5.69 
7 10 Bul e start 75.1 5.77 52 10 51.78 5.38 
8 10 Bulge start 99.15 3.72 53 10 72.39 2.4 
9 10 Bulge start 88.73 2.13 54 10 67.11 2.16 
10 5 75.62 5.11 55 5 68.57 7.63 
ll 5 87.92 8.51 56 5 109.88 4.11 
12 5 106.57 3.45 57 5 120.68 6.78 
13 2 82.48 9.07 58 2 Sputtered N. B. N. B. 
14 2 Sputtered 136 5.24 59 2 Sputtered N. B. N. B. 
15 2 S uttered 159.74 2.38 60 2 Sputtered N. B. N. 13. 
16 20 Bulge start 26.62 8.53 61 20 Bulge start 44.41 3.49 
17 20 Bulge start 42.05 3.18 62 20 Bul e start 47.94 9.04 
18 20 Bulge start N. B. N. B. 63 20 Bulge start 52.73 7.26 
19 15 1 Bulge start 37.31 4.89 64 15 Bulge start 44.54 3.8 
20 15 1 Bulge start 47.87 4.48 65 15 1 Bulge start 48.62 5.91 
21 15 Bulge start N. B. N. B. 66 15 Bulge start 42.56 3.36 
22 10 Bulge start 37.49 3.13 67 10 Bulgy start 49.47 2.07 
23 10 Bulge start 55.57 8.01 68 10 BuI ge start 47.45 1.9 
24 10 Bulge start N. B. N. B. 69 10 64.94 2.49 
25 5 70.03 3.66 70 5 54.98 7.54 
26 5 68.37 17.27 71 5 68.13 2.44 
27 5 98.5 5.67 72 5 70.16 2.85 
28 2 Sputtered 126.27 11.1 73 2 Sputtered 86.17 22.65 
29 2 Sputtered 123.18 6.75 74 2 Sputtered 121.02 7.6 
30 2 Sputtered 122.17 5.84 75 2 Sputtered 88.93 4.16 
31 20 Bulge start 38.99 3.86 76 20 Bulge start 30.66 6.84 
32 20 Bulge start 46.99 4.59 77 20 Bulge start N. B. _ N. B. 
33 20 _ Bulge start N. B. N. B. 78 20 N. B. N. B. 
34 15 __ Bulge start 43.92 2.91 79 15 66.92 9.49 
35 15 Bulge start 52.85 2.69 80 15 76.4 5.84 
36 15 Bulge start N. B. N. B. 81 15 N. B. N. B. 
37 10 Bulge start 58.85 8.65 82 10 61.05 4.18 
38 10 Bulge start 55.83 5.27 83 10 69.1 4.73 
39 10 Bulge start N. B. N. B. 84 10 N. B. N. H. 
40 5 84.03 4.33 85 5 42.34 4.14 
41 5 79.42 4.14 86 5 50.45 8.15 
42 5 87.07 3.14 87 5 56.51 2.18 
43 2 Sputtered, 102.88 2.99 88 2 Sputtered 135.82 7.73 
44 2 Sputtered 119.44 3.61 89 2 Sputtered 119.13 2.97 
45 2 Sputtered 152.59 7.51 90 2 S uttcred 114.39 17.13 
N. B.: no bonding; Sputtered: sputtered surface 
Table l 1-5: Measurements of contact angles 
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h is results arc shown in Figurc 11-19 to Figure 11.21, grouped according to the npplicd 
pulsc cncrgics and repetition rates. Standard dcvintion of the mcasurcrncnts wear also 
depicted in each chart to indicate the discrepancy of nmeasurcincnts. In gcncral, the 
contact tingle increased %ith decreased pulse width. For larger pulse widths, 15 ins and 
20 ms, the contact angles changes more cvidcntly than in the cxnmpics of shorter pulse 
widths due to the formation ofa bulge start and Icss uniform beads. 
In Figure 11.19, parameters with pulse width of 2 ms, pulse energy of is J and repetition 
mote of 10112 caused a disruptive surface and even damaged the substrate due to high 
peak powcrs. In consequence, there was no mcasurcmcnt. At a fixed rcpctition rutc, the 
contact angles increased with increased feed rates and this effect was more noticeable for 
pulse widths or 2 ms and 5 ms. 
It is clear from Figure 11.20 that contact angle increased with decreased pulse width for 
various combinations of parameters at the pulse energy of 10 J. 11rokcn beads were 
observed for pulse widths from 10 nu to 20 nu when the feed rate of 600 mm/min and 
repetition rate of 201 iz were used. It was believed that thew were caused by cithcr a too 
fast feed rate or a low repetition rate. Results produced by the pulse energy 7.5 J showed 
similar trend, as seen in Figure 11.21. Many beads produced by larger pulse widths did 
not have sufficient bonding to the substrate. 
Overall, beads produced by pulse %idth of 2 ms had obtuse contact angles and pulse 
width of 5 ras produced the second best results. liowwvvcr. head surfaces by pulse width 
of 2 nu wcrc disruptivc and the issue of surface roughness is to be discussed in 11.4.2. 
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Figure 11-19: Measurements of contact angles of beads fused with a pulse energy of 
15J 
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Figure 11-20: Measurements of contact angles of beads fused with a pulse energy of 
10J 
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Figure 11-21: Measurements of contact angles of beads fused with a pulse energy of 
7.5 J 
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11.4.2 Surface Features of Beads 
Following the analyses from previous sections in search of the optimal combination of 
process parameters, measurements of the surface features, including waviness and 
roughness were carried out to give an objective evaluation on the fusion results. An 
"ISO-Surf' system composed of a laser probe, an X/Y table and related controlling 
hardware and software was used for a series of non-contacting measurements of surface 
scanning. 
The core of the "ISO-Surf' was the Laser Stylus RM600 (maker: Rodenstock) containing 
a sensor and a sensor interface. The operating principle was to focus an infrared laser 
beam (780 nm) on the surface to create a spot of 2 pm diameter. If the distance to the 
object changed, the focus detector created a focus error signal by detecting the reflected 
beam. This signal triggered an auto-focus mechanism by means of a servo system to 
adjust the movable lens until the beam was exactly focused. The optic position was then 
registered and used as a measuring signal. The surface features were obtained with a 
resolution of 0.2 pm by dynamic focusing of the laser beam and rapid interpretation of 
lens position. The experimental set-up of the measurement of surface features is shown in 
Figure 11-22. 
Figure 11-22: Measurement arrangement with the ISO-Surf 
The operating procedure for of the ISO-Surf system is presented in Appendix D. 
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Beads were measured over a sample length of 19.5 mm. Though beads were previously 
fused by programming the Nd: YAG laser scanning movement to a fixed length of 20 mm, 
some were shorter due to the formation of a bulge or shrinkage. On the other hand, a 
larger measuring length could produce misleading data at both ends of the bead because 
the bead height was usually greater than the measuring range of the laser stylus. As a 
result, a measuring envelop of 19.5 mm X2 mm covered most surface features of the 
sample. The clearance distance between the laser Stylus and the object needed to be kept 
at about 3 mm to conduct a valid scan. As a result, beads with a bulge (usually at the start) 
or irregularity (e. g. fused excessive particles) were omitted to avoid possible damage to 
the optics or obstruction of table movement. This condition is illustrated in Figure 11-23. 
Laser beam 
Sample with a bu ge Optics 
Figure 11-23: Possible damage in measuring samples with a bulge start or extreme 
irregularity 
Surface imperfections include form errors, waviness and roughness. The latter two are 
commonly summarised as texture. Form error encompasses the long wavelength 
deviations of a surface from the corresponding nominal surface. Form errors result from 
a large scale problem in the manufacturing process, such as guides or spindles. Waviness 
includes intermediate wavelength errors deviating from its nominal shape. Roughness 
contains the finest irregularities of a surface. Roughness generally results from a 
particular production process or material condition (Precision Devices, 2001). 
Fusion results from the previous section were scanned and the data of surface features 
was then analysed with the software "TaylorMap". This measured profile must be 
filtered before any calculations of surface waviness and roughness are undertaken. The 
cut-off setting can be used to control the degree of filtering applied to the measured 
profile. Larger cut-offs result in less filtering and cause roughness values to be larger. On 
the other hand, smaller cut-offs produce more filtering of the waviness component, 
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resulting in lower roughness values. An example of raw measurement data taken from 
the centre line of a bead is presented in Figure 11-24(a). The resultant surface waviness 
plot and roughness plot are shown in Figure 11-24(b) and (c) respectively by analysing 
with a Gaussian filter and a cut off length of 0.8 mm. 
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Figure 11-24: (a) Raw measurement data of a surface profile; (b) waviness plot after 
applying a Gaussian filter and a 0.8 mm cut-off length; (c) roughness 
plot under the same conditions in (b) 
Measurements of surface waviness (WQ) and roughness (Ra, ), related to the experimental 
matrix in Section 13.1, are summarised in Table 11-6. 
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No 
Pulse 
width 
in ms 
Comments 
Average R 
in µm 
Average. W 
in µm 
No 
Pulse 
width 
in ms 
Comments Average R 
in µm 
Average W 
in µm 
1 20 Bulge start 46 20 Bulge_ start 
2 20 Bulge start 47 20 Bulge start 
3 20 Bulge start 48 20 Bulge start 
4 15 Bulge start 11.8 92 49 15 Bulge start 
5 15 Bulge start 4.5 66 50 15 8.8 59 
6 15 Bulge start 51 15 13.4 63 
7 10 Bulge start 10.1 III 52 10 
8 10 Bulge start 5.6 65 53 10 , 
9 10 Bulge start 6.9 73 54 10 5.7 43 
10 5 6.5 77 55 5 6.3 51 
11 5 6.2 48 56 5 6.0 30 
12 5 7.7 58 57 5 12.9 26 
13 2 7.0 60 58 2 15.7 46 
14 2 11.3 78 59 ,2 14.4 75 
15 2 12.9 48 60 2 16.3 
16 20 Bulge start 61 20 Bulge start 
17 20 Bulge start 62 20 Bulge start 
18 20 Bul e start 63 20 Bulge start 
19 15 _ Bulge start 64 15 
_Bule 
start 
20 15 Bulge start 65 15 Bul le start 
21 15 ßulýe start 66 15 Bulge start 
22 10 Bulge start 67 
_ _10 
Bulge start 10.6 84 
23 10 Be start 68 10 Bulge start 1 1.3 59 
24 10 Bulge start 69 10 18.1 9_1 
25 5 9.4 82 70 5 5.4 77 
26 5 9.2 87 71 5 6.4 41 
27 5 72 5 10.1 22 
28 2 10.5 61 73 2 13.4 81 
29 2 12.6 43 74 2 
_ 
17.2 64 
30 2 12.6 54 75 2 15.4 68 
31 20 Bulgy start 76 20 Bulge start 
32 20 
_ 
Bulge start 77 20 Bulge start 
33 20 Bumse start 78 20 
34 15 Bulge start 79 15 
35 15 Bulge start 80 15 
36 15 Bulge start 81 15 
37 10 Bulge start 82 10 6.2 33 
38 10 Bulge start 83 10 
39 10 Bulge start 84 10 
40 5 85 5 7.6 60 
41 5 86 5 9.5 55 
42 5 87 5 
43 2 11.2 50 88 2 5.1 
44 2 9.3 38 89 2 10.6 26 
45 2 90 2 13.6 43 
Table 11 -6: Measurements of surface waviness and roughness 
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11 ýrJ+ýrimvntdl , Strut ýº" unJ RAI will it/Stn to Aru. le 
13cads produccd with the pulse %Odths of 10, IS and 20 ms gcncrnlly had a bulge start and 
could not be mcasurcd by the ISO'surf for the aforementioned reason, no matter what 
pulst cncrgy or rcpctition rate %va usal, as sccn in Figure 11.25 to Figure 11.27. Al bulge 
or lumpish bond is obviously not suitable for building up and can cause problems in 
la}"cting and Icvclling po%vdcr as «-cll. 
Beads processed by the pulse width of 2 ms usually had a disruptive surface, which was 
characterised by high values of surface roughness. From the point of view of processing. 
less variation in profile waviness and roughness makes powder deposition of the 
following layer easier. Suitable processing parameters can then be selected to fuse the 
powder layer of appropriate thickness without adding cxccssivc laser energy to melt 
particles in the deep pockets. Overall, results of the pulse width of 5 ms offered a better 
balance of surface waviness and roughness, whereas results with repetition of 10 111 had 
a 1css avcragc %%uvincss and roughncss than thosc by 20 1 ix. 
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Figure 11-25: Measurements of surface roughness and waviness of beads fused with a 
pulse energy of 15 J 
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Repetition rate = 20 Hz Repetition rate = 10 Hz 
20 100 20 100 
EE 
:L :LE 
15 
80 c __ 15 80 E 
  60 
m 60 
m 
rn 10 10 
40 32 40 
5f 
200mm/min 5f 100mm/min 
 Ave waviness 20   Ave waviness 
20 N U) U) N 
0000 
05 10152025 05 10 15 20 25 
Pulse width in ms Pulse width in ms 
20 100 20 100 
80 E-M" 200mm/min 80 
E 
E 15 15   Are waviness 
60 s 60 m 
äý 10 > 10 
öF 40 3 40 
3 2 
m0 
5 "400mm/min 5 20 
  Aoe waviness 
20 N 
0000 
05 10 15 20 25 
05 10 15 20 25 
Pulse width in ms 
Pulse width in ms 
20 100 20 100 
EE 
z 
15 
80 c5z 
15 
80 C 
. 
Ci 60 
m 60 4) 
g 10 10 
tö 
2 40 30 40 3 
mm 
5f 600mm/min U5`" 300mm/min 4: 0 
  Are waviness 
20 N  Ave waviness 
20 N 
0000 
05 10 15 20 25 05 10 15 20 25 
Pulse width in ms Pulse width in ms 
Figure 11-26: Measurements of surface roughness and waviness of beads fused with a 
pulse energy of 10 J 
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Repetition rate = 20 Hz Repetition rate = 10 Hz 
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Figure 11-27: Measurements of surface roughness and waviness of beads fused with a 
pulse energy of 7.5 J 
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11.4.3 Bead Width and Variance 
To study the effect of the overlap ratio of beads, it was necessary to understand the 
relationship between applied process parameters and the bead width. A uniform bead is 
preferable and the measurement of the bead width and its variance provided an indication 
of uniformity. This was achieved by importing close-up pictures of beads into the 
software LINCE®, which was developed by the Technische Universitaet Darmstadt in 
Germany (LINCE, 1997). 
The bead widths were measured against a calibrated length. A screen shot of the LINCE® 
software is shown in Figure 11-28. The green lines represent the measurements, but the 
two blue spots associated with each line were meant for other specific features in the 
software and have nothing to do with the actual measurements. 
The bead width was measured at 15 positions across the whole bead length. Though 
these 15 lines were positioned manually, they always covered the start and tail of each 
bead and the remaining measurements were taken at an equal distance as far as possible. 
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Figure ll -28: Screen shot of the software LINCE® 
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The average bead width was then calculated. The variance of these measurements was 
also included, which is defined as 
n>x2 -(Fx)2 Variance of measurements = eq. 11-2 
n(n -1) 
with n as number of measurements and x as the value of each measurement. The variance 
indicates the degree of uniformity. In this case, the less the variation, the more uniform 
bead width was expected. 
Average bead width and calculations of the variance are tabulated in Table 11-7. Some 
cells were left empty due to insufficient bonding of the beads. 
The results in Figure 11-29 to Figure 11-31 show clearly that the bead width increases 
with an increase in pulse width, regardless of the level of the pulse energy, repetition rate 
and feed rate. A large discrepancy of measurements was evident for longer pulse widths 
due to the general occurrence of a bulge. It was also found from Figure 11-29 and Figure 
11-30 that the bead width decreased with increasing feed rates for a given pulse energy 
and repetition rate. There were many settings of parameters at the pulse energy of 7.5 J 
either unable to produce a sufficient bonding or having a broken structure. In 
consequence, some diagrams have only one or two measurements of shorter pulse widths 
in Figure 11-31. 
The results of variance clearly showed that a pulse width of 2 and 5 ms always produced 
more uniform beads under given combinations of parameters. However, beads produced 
by the pulse width of 2 ms had a rather rough and disruptive surface appearance, as 
previously discussed in 11.4.1 and 11.4.2. 
In addition, it is noted that the bead widths from the large pulse widths (e. g. 10 to 20 ms) 
were considerably larger than a single spot size of about 0.8 mm and this indicated that 
the effect of heat conduction in a longer pulse contributed significantly to fuse powder 
together. 
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No 
2 
Pulse 
width 
in rns 
20 
20 
Comments 
13ulýe start 
Bulge start 
Bead 
width in 
nom 
1855 
1.650 
Variance 
of head 
width 
0.1302 
0.0617 
No 
46 
47 
Pulse 
width 
in Ins 
20 
20 
Comments 
1314r start 
ItuIL"r start 
Bead 
width in 
mm 
I. 8 ts 
1.599 
Variance 
of, head 
width 
0.0575 
0.0165 
3 20 Bulge start 1.391 0.1344 48 20 11111 ', c start 1.108 (). 0497 
4 15 Bulge start 1.676 0.2439 49 15 11111ýe start 1.6.17 0.09.35 
5 15 Bulge start 1.682 0.0454 50 15 1.547 0.0778 
6 15 Bul ge start 1.292 0.181 1 51 Is 
-ý - 
1.36(1 0.0591 
7 10 Bulge start 1.563 0.0920 52 1(1 - 1.462 0.1541 
8 10 Bulge start 1.366 0.0199 53 IO 1.390 I) 0147 
9 10 Bulge start 1.314 0.0359 54 10 1.296 ((. 0221 
10 5 1.370 0.0311 55 5 I. 25' 0.0098 
11 5 1.172 0.0075 56 5 1.000 0.0037 
12 5 1.127 0.0085 57 5 0.994 0.0074 
13 2 1.280 0.0067 58 2 Sputtered 1.029 0.014 
14 2 Shuttered 1.191 0.0071 59 2 Sputtered 0.975 0.0099 
15 2 Sputtered 1.166 0.0115 60 2 suttcred 0.981 0.0079 
16 20 Bulge start 1.915 0.0220 61 20 BuIi e start 1.931 0.0484 
17 20 Bulge start 62 20 
_ 
Bulge start 1.625 0.0235 
18 20 Bulle start 63 20 Rule start 
19 15 Bum start 1.870 0.0631 64 15 lUulke start 1.771 )1.0804 
20 15 Bulge start 1.282 0.0933 65 15 Bulge surrt 1.488 ((. 0123 
21 15 Bußstart 66 15 Bulge start I. 345 0.0526 
22 10 Bulge start 1.846 0.0740 67 10 13111 gc start 1.390 0.1089 
23 10 Bulge start 
--- - 
1.458 0.0766 
- -- - 
68 10 13uI e start 1.416 0.0462 
24 10 -- Bulge start 69 10 1.170 0.0293 
25 5 1.294 0.0453 70 5 1.122 0.0060 
26 5 1.173 0.0346 71 5 0.951 0.0071 
27 5 1.103 0.0604 72 5 0.915 0.0057 
28 2 Sputtered 1.075 0.0063 73 2 Sputtered 1.1103 0.01139 
29 
30 
2 
2 
Sputtered 
S uttered 
0.963 
0.946 
0.0141 
0.0097 
74 
75 
2 
2 
Sputtered 
Sputtered 
0.987 
1.026 
((. 0092 
0.0043 
31 20 Bulge start 1.858 0.0195 76 20 Bulec start 1.729 0.0269 
32 20 Bulge start 77 20 )lulu start 
33 20 Bulge start 78 20 
34 15 Bulge start 1.786 0.0530 79 15 1.72 0.03 15 
35 IS Bul e start 80 
_ 
15 
36 15 Bulge start 81 15 
37 10 Bulge start 1.688 0.0293 82 10 1.712 0.0368 
38 10 Bulge start 83 I 
39 10 Bulge start 84 10 
40 5 1.411 0.0841 85 5 I. 163 0.0230 
41 5 86 5 1.191 0.0127 
42 5 87 5 = 
43 2 Sputtered 1.056 0.0086 88 2 Sputtered 1.020 0.0078 
44 2 Sputtered 0.885 0.0079 89 2 Sputtered 0.869 0.0100 
45 2 S uttered 0.843 0.0186 90 2 Sputtered 0.921 0.0037 
Sputtered: sputtered surface 
Table 1 1-7: Measurements of bead width and its variance 
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Figure 11-29: Measurements of bead widths and their variances at the pulse energy of 
15J 
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Figure 11-30: Measurements of bead widths and their variances at the pulse energy of 
10J 
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Figure 11-31: Measurements of bead widths and their variances at the pulse energy of 
7.5 J 
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11.4.4 Bead Height and Melt Depth 
Bead height was measured by a micrometer with an accuracy to 0.001 mm. This was 
performed by measuring different cross-sections of each single bead. At least four 
measurements were taken and averaged. 
As discussed in Section 11.4.1, a large or even obtuse contact angle was preferred. The 
bead shape commonly observed was similar to a circular one due to the effect of surface 
tension. Providing a bead cross-section of a circular bead, the relationship among the 
melt depth, bead height, bead width and the contact angle is shown in Figure 11-32. By 
applying the measured contact angle and bead width from previous sections, theoretical 
bead height and melt depth could be also calculated. The results of both measurement 
and calculation were summarised in Table 11-8. Due to missing the data of the 
measurement of contact angle or bead width of some beads, calculations of the bead 
height and melt depth of these experimental runs were left undone. 
Melt depth =r" (1- cos a) 
Bead height =r" (1 + cos a) 
ntact angle 
Melt aeptn 
Figure 11-32: Illustration of the melt depth and contact angle for a circular bead cross- 
section 
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No 
Pulse 
width 
in ms 
Measured 
bead height 
in mm 
Calculated 
bead height 
in mm 
Calculated 
melt depth 
in mm 
No 
Pulse 
width 
in ms 
Measured 
bead height 
in mm 
Calculated 
bead height 
in min 
Calculated 
melt depth 
in min 
1 20 1.581 1.751 0.104 46 20 1.564 1.546 0.288 
2 20 1.366 1.232 0.418 47 20 1.156 1.001 0.598 
3 20 1.439 1.010 0.381 48 20 0.994 0.954 0.354 
4 15 1.546 1.094 0.582 49 15 1.051 0.766 0.881 
5 15 1.280 0.784 0.898 50 15 0.811 0.805 0.743 
6 15 1.382 0.702 0.590 51 15 0.757 0.939 0.421 
7 10 1.257 0.982 0.580 52 10 0.962 I. 183 0.279 
8 10 1.023 0.574 0.792 53 10 0.735 0.905 0.485 
9 10 1.034 0.672 0.643 54 10 0.710 0.900 0.396 
10 5 1.257 0.855 0.515 55 5 1.130 0.855 0.397 
ll 5 0.884 0.607 0.565 56 5 0.682 0.330 0.670 
12 5 0.808 0.403 0.724 57 5 0.585 0.243 0.751 
13 2 0.953 0.724 0.556 58 2 0.543 1.029 
14 2 0.547 0.167 1.024 59 2 0.209 0.975 
15 2 0.509 0.036 1.130 60 2 0.153 0.981 - 
16 20 1.742 1.814 0.102 61 20 1.444 1.655 0.276 
17 20 1.602 62 20 1.330 1.357 0.268 
18 20 1.702 63 20 1.258 
19 15 1.675 1.679 0.191 64 15 1.243 1.517 O. 254 
20 15 1.657 1.071 0.211 65 15 1.299 _ 1.235 ______ _ 0.252 
21 15 1.581 66 15 I. 367 1.167 0.177 
22 10 1.485 1.655 0.191 67 10 1.070 1.147 0.243 
23 10 1.530 1.141 0.317 68 10 1.072 1.187 0.229 
24 10 1.576 69 10 1.177 0.832 0.337 
25 5 1.179 0.868 0.426 70 5 1.461 0.883 0.239 
26 5 1.016 0.803 0.370 71 5 0.806 0.652 0.298 
27 5 1.005 0.470 0.633 72 5 0.644 0.613 0.302 
28 2 0.789 0.220 0.856 73 2 0.593 0.535 0.468 
29 2 0.571 0.218 0.745 74 2 0.359 0.239 0.748 
30 2 0.520 0.221 0.725 75 2 0.333 0.522 0.503 
31 20 1.641 1.651 0.207 76 
- 
20 1.224 1.608 0.121 
32 20 1.364 ýý 77 20 1.113 
33 20 78 20 1.005 
34 15 1.491 1.536 0.250 79 15 1.121 
35 15 1.281 80 15, 1.114 
36 15 1.404 81 15 1.089 
37 10 1.459 1.281 0.407 82 10 1.174 1.271 0.442 
38 10 1.114 83 10 1.090 
39 10 1.546 84 10 1.123 
40 5 1.332 0.779 0.632 85 5 1.205 1.011 0.152 
41 5 0.785 86 5 0.998 0.975 0.216 
42 5 0.730 87 5 0.957 
43 2 0.797 0.410 0.645 88 2 0.616 0.144 0.876 
44 2 0.616 0.225 0.660 89 2 0.325 0.223 0.646 
45 2 0.581 0.047 0.796 90 2 0.331 0.270 0.651 
Table 11-8: Measured and calculated bead height and melt depth 
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As seen in Figure 11-33, the trend of calculated bead height generally showed good 
agreement with the measured one. At the same repetition rate and pulse energy, the bead 
height decreased with reduced pulse width and increased table speed. In contrast, melt 
depth increased with reduced pulse width. The peak power of the each laser pulse is 
inversely proportional to the pulse width, as seen in eq. (10-1). As a result, the laser 
power coupled into the material was greater as the pulse width decreased and this 
explained the reduced bead height and increased melt depth. 
For pulse widths greater than 10 ms, the fused bead heights were greater than the powder 
layer thickness of 1 mm. This meant powder was drawn into the melt pool during the 
laser heating and this caused voids in the vicinity of these single beads. Similarly, a large 
bead height also represented a thin melt depth. This raised a concern of insufficient 
bonding between layers, when building a multiple layered structure. 
In contrast, a large melt depth usually indicated a small bead height, which suggested a 
poor efficiency in deposition. On balance, an intermediate range of melt depth and bead 
height less than 1 mm could produce efficient deposition and ensure sufficient bonding 
between layers. Bulge start was evident for the beads with pulse width greater than 10 ms. 
This also made the average bead height from these experiments much higher than the 
results produced by the pulse width of 5 ms and 2 ms. From these viewpoints, the 
combinations with a pulse width of 5 ms seemed more appropriate. 
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Figure 11-33: Comparison of measured and calculated bead height 
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11.5 Selection of Basic Parameters 
The experiments to this point were meant to find a target value or parameter range which 
could deliver a reliable and repeatable scan. The scan(s) and corresponding parameters 
would be used as the fundamental elements in further investigations of the process and 
building up of solid cubes. 
In terms of creating a solid part by overlapping beads, it is essential that the beads have 
an appearance as uniform and homogeneous as possible. The possibility of forming pores 
due to "irregular" powder packing can then be minimised and the resultant layer surface 
can also be smoother. This helps in building up the next layer on top of it. Many beads 
had a bulged start, especially those produced with a pulse width greater than 10 ms, and 
this unpredictable feature would certainly affect the surface quality while overlapping. 
Beads produced by pulse width of 2 ms had a disruptive surface and rough surface 
features which were not appropriate as a building element either. 
Overall, pulse width of 5 ms produced better results. Pulse energy of 7.5 J was too weak 
to generate bonded beads constantly. Pulse energy of 15 J and 10 J resulted in similar 
bead characteristics; however, pulse energy of 10 J was preferred to minimize the 
thermal impact upon the material with respect to fabricating multiple layered structures 
and the possible distortion of the substrate. The influence of repetition rate was not 
evident, but 10 Hz gave less variance of bead width, i. e. more uniform bead width than 
20 Hz. Table speed of 200 mm/min produced beads combining more balanced surface 
waviness and roughness than the others. 
As a consequence of comparing the applied criteria, the final settings for processing H 10 
tool steel powder was selected and summarised in Table 11-9. Typical beads produced 
with these parameters are presented in Figure 11-34. This combination of parameters 
would also be applied as a standard setting in investigating the production of overlapped 
layers and cubes in all experiments in Chapter 12 and 13, if not otherwise specified. 
Pulse width Pulse energy Repetition rate Average power Feed rate 
5 ms 10 J 10 Hz 100 W 200 mm/min 
Table 11-9: Selected parameter setting 
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Figure 11-34: Typical beads produced with the selected parameters in Table 11-9 
11.6 Summary 
There were many processing variables and their combinations produced various fusion 
results. A methodology was applied to select rationally an operating window to produce 
uniform single beads, which was an essential building element to create layered 
structures. The fused beads were evaluated by measuring the contact angle, bead width 
and its variance, surface roughness and waviness. The bead height and melt depth were 
also calculated and compared. 
Optimal processing parameters were consequently obtained. They consisted of the pulse 
width of 5 ms, pulse energy of 10 J, repetition rate of 10 Hz and table speed of 
200 mm/min. The required specific energy density to fuse H 10 tool steel powder was 
pulse width dependent and it varied from 30 J/mm2 to 55 J/mm2. For the pulse width of 
5 ms, the minimum specific energy density was about 35 J/mm2. The effects of each 
processing parameters on the fusion results were also discussed 
After being able to produce single beads repeatedly and with reliable quality, the 
experiment could then move on to fabricate layered structures. 
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Like any other Solid Freeform Fabrication (SFF) technology, layered structures can be 
produced by repeatedly building the elemental forms. In the laser fusion process, each 
scan needs to be partially overlapped to avoid any porosity. Moreover, the scanning 
pattern defines how the laser hatches the cross-sections. The scanning pattern is also vital 
to the thermal history of materials which influences the material properties. 
12.9 Scan Spacing and Overlap of Beads 
Various factors became important and needed to be considered, when the powder fusion 
process moved from a single bead to a layer, i. e. overlapped beads and scanning strategy. 
The overlap ratio of beads can be defined as 
overlap ratio = (1- A/d., ) * 100% 
9 eq. 12-1 
where A, dw are the scan spacing and average bead width respectively. 
The average bead width produced by the selected processing parameters was around 
1.0 mm (refer to Figure 11-30 and Section 11.5). 
In an early study of two overlapped beads as in Figure 12-1, some points were observed. 
The presence of an existing bead and the resulting change of laser reflection from it made 
the second bead have a different appearance. Furthermore, the effect of this reflection of 
the laser irradiation made the neighbouring powder spatter and the initially levelled 
powder surface became uneven. The uneven surface and subsequently created void 
caused problems in producing the next overlapped beads. 
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Ist 2nd 
Scanning 
sequence 
Figure 12-1: Photograph of overlapped beads, where red arrows point to some 
problem areas 
The beam was also a little out of focus during the scanning of the second bead, because 
the powder particles were disturbed during the first scan. The beam was not re-focused 
throughout the experiments. In the following experiments and results, each scan was 
20 mm long in the Y direction and beads overlapped each other in the X direction, unless 
otherwise stated. 
12.2 Scanning Patterns 
Apart from the overlap ratio, different scanning strategies also affects the formation of 
layers due to various cooling rates. A scanning strategy can be understood as a 
systematic approach to scan (or deposit) the material in such a way as to build up 
material layers. This includes the scanning directions and the arrangement of the 
sequence of scans. For an example of a single layer of five overlapped beads, four 
scanning patterns in Figure 12-2 were studied. The numbers indicate the scanning 
sequence while the arrows represented the scanning directions. In scanning pattern l and 
2, the X/Y table was moved in regular increments in the X direction and the laser 
travelled across the powder bed either in the same or alternating direction. However, the 
table moved in double scan spacing in pattern 3 and 4. The laser first fused a given 
number of scans, as marked in Figure 12-2, and then come back to fill the space left from 
the previous scan sequence. 
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It should be noted that the four different scanning patterns also resulted in different 
lengths of processing time. Between two scans, the laser beam was off by controlling the 
shutter while traversing. The length of the process could be a concern, especially in some 
applications, and it is advantageous to have a shorter airtime of the nozzle and laser. In 
the examples of Figure 12-2, pattern 2 has the minimum airtime. 
12345 12345 14253 14253 
Scanning Scanning Scanning Scanning 
altern 1 pattern 2 pattern 3 pattern 4 
Travel time minimum maximum 
Figure 12-2: Four different scanning strategies 
It was essential to minimise the porosity of the deposition. These proposed scanning 
patterns were compared for the likelihood of occurrence of porosity and the fused layer 
thickness. For each scanning pattern (SP), the experiment was performed twice with scan 
spacing varying from 0.9 mm to 0.4 mm. Single layers consisted of 10 and 20 overlapped 
scans were produced respectively. The samples were then cross-sectioned and digital 
photographs were taken. The overlap ratio of different scan spacing could be calculated 
by taking the bead width produced by the standard parameters as 1 mm, as discussed in 
11.4.3. 
Figure 12-3 and Figure 12-4 show cross-sections from one of the single layer 
experiments of 10 scans, where the scan direction in the pictures was from left to right. 
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Figure 12-3: Cross-sections of scanning pattern I and 2 with different scan spacings 
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Scanning Pattern (SP) 4 
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Figure 12-4: 
ýý 
wwww- 
Cross-sections of scanning pattern 3 and 4 with different scan spacings 
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Typical characteristics of the fused layer are presented in Figure 12-5. In general, the 
results from pattern 1 and 2 had similar features. Similarly, pattern 3 and 4 produced 
parallel results. In pattern I and pattern 2, the overlapped thickness became relatively 
constant after a few scans due to the spattering effect shown in Figure 12-1. In pattern 3 
and 4, the appearance depended on the scan spacing, i. e. the overlap ratio of beads. At 
large scan spacings, the scans of double spacing first produced beads of consistent 
quality; however, the "fill-in" scans resulted in little deposition due to deficient powder 
present in between and the small contact angles created by the first produced beads. As 
scan spacings decreased, the "fill-in" scans produced a wavy appearance and partial 
remelting of the surface was observed due to an increasing in the overlap ratio. As the 
scan spacing reduced to 0.4 mm, the surface was almost completely remelted by the 
recursive "fill-in" scans. 
Scan spacing 0.9 mm Scan spacing 0.5 mm 
Scanning 
pattern 1 
Scanning 
pattern 2 
Scanning 
ttern 3 pa 
Scanning Ir 
pattern 4 
a 
Figure 12-5: Characteristics of single layers with overlapped 20scans 
In most of the experiments, there was no porosity observed in cross-sections. In some 
examples, porosity was more likely to occur in the vicinity between two succeeding 
scans in scanning pattern 1 and 2, especially the first and second one. In scanning pattern 
3 and 4, porosity was present, when the "fill-in" scans could not produce sufficient 
deposition at large scan spacings. 
The average deposited thickness of a single layer was measured by an image analysis 
method (see Appendix E). Each sample was measured at least three times. The 
measurements of layer thickness for 10 and 20 scans of different scanning patterns and 
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scan spacings were averaged and tabulated in Table 12-1 and shown in Figure 12-6. The 
overlap ratio of beads was calculated by the eq. (12-1). 
Average fused thickness in mm 
Scan 
spacing 
Overlap 
ratio 
SPI SP2 SP3 SP4 
0.9 mm 10% 0.281 0.331 0.447 0.477 
0.8 mm 20% 0.397 0.374 0.423 0.395 
0.7 mm 30% 0.333 0.369 0.428 0.424 
0.6 mm 40% 0.383 0.438 0.409 0.364 
0.5 mm 50% 0.429 0.48 0.444 0.449 
0.4 mm 60% 0.442 0.508 0.411 0.419 
Standard process 
parameters: 
Pulse width: 5 nis 
Pulse energy: 10 J 
Repetition rate: 10 IIz 
Average power: 100 W 
['able speed: 
200 mm/min 
Focused beam with a 
; pot size 01 0.8 nom 
Table 12-1: Experiment matrix of results of measuring fused thickness of a single 
layer by different scanning patterns 
It is noted that the deposited layer thickness reduced with increasing scan spacing for 
scanning pattern I and 2, wherein the layer thickness was slightly greater in scanning 
pattern 2 than scanning pattern 1. This could be explained by the short travel time of' the 
scanning pattern 2 between laser fusing each single bead. Compared to the scanning 
pattern 1, the powder bed was still "hot" and this reduced the surface tension of the melt 
and helped the wetting between the previously solidified bead and the melt. 
However, the average layer thickness by scanning pattern 3 and 4 was relatively 
independent of the scan spacing, except that scan spacing of 0.9 nim produced a slightly 
thicker layer due to large spacing and lack of overlap of beads. Another aspect regarding 
the similar deposition thickness in scanning pattern 3 and 4 might be because the scan 
spacing in two successive scans was doubled, compared to the scan spacing in scanning 
pattern l and 2. This made each bead was less affected by the previous scan and therefore 
resulted in a similar deposition thickness. 
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Figure 12-6: Average deposited layer thickness of different scanning patterns and 
spacings. 
Though the average of the deposited layer thickness from scanning pattern I and 2 at 
scan spacings of 0.4 and 0.5 mm was greater, the layer thickness decreased to the 
minimum after 2 or 3 scans. The unsymmetrical surface appearance could cause 
cumulative errors in height or bonding problems in the process of building up multiple 
layers. Overall, the scanning pattern 3 and 4 had fewer problems, if the scan spacing was 
less than 0.8 mm. Scanning pattern 3 was selected as the preferable building strategy due 
to its larger deposition thickness in general. Since there was no particular need for 
remelting each layer as long as a dense material could be achieved, intermediate scan 
spacings from 0.5 to 0.7 mm would be investigated further in the following experiments. 
12.3 Occurrence of Porosity 
In the initial attempt to build structures of multiple layers, it was found that the interlayer 
bonding was insufficient, as shown in Figure 12-7. This might have resulted from the 
different effect of thermal conduction. As processing the first layer, the powder was 
fused on the H 13 substrate. When building the next layer, the overlapped beads needed to 
build upon a rough surface from the previous layer. Repeated wavy surface features 
could also cause problems with subsequent deposited layers. The layer thickness of 
powder had been controlled and maintained by using stacking frames of I mm thick. It 
was decided by the common available material sheet size. However, the layer appeared 
too thick and it caused deficient bonding between layers. 
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Pores were found in the cross-sections of some samples. Many factors can cause pores: 
" Gas trapped in the melt due to improper arrangement of shielding gas or gas 
pressure 
" Gas absorption due to chemical affinity between shielding gas and the molten metal 
" Poor wetting between melt and solid 
" Low packing density and insufficient powder due to surface irregularity or small 
contact angle between the solidified bead and substrate 
As shown in Figure 12-7, fused results from a layer thickness of 1 mm could not always 
form a dense first layer. In scanning pattern 3, pores occurred because the "fill-in" scans 
were obstructed by the resultant small contact angle from the previous scans, as 
illustrated in Figure 12-8. By examining the cross-sections of porous samples, it was 
noticed that the pores were mainly located at the root of beads. There might be a dead 
zone for packing powder if the contact angle was relatively small. Similarly, surface 
irregularities like attached excess powder could also obstruct the powder packing and the 
coupling of laser irradiation. 
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Figure 12-7: Cross-sections of samples that lack interlayer bonding 
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After first scans 
Or 
Small contact angle 
After fill-in scans 
Figure 12-8: Schematic illustrations of two possible causes for porosity 
12.4 Modified Scanning Pattern for Multi-layer Structures 
A modified scanning pattern was developed based on the pattern 3. The modified 
scanning pattern broke the scanning pattern 3 in half and introduced a step of refilling 
powder in between. As described previously, a refill of powder could reduce the possible 
occurrence of porosity and increase the thickness of deposition. 
The modified scanning pattern is schematically depicted in Figure 12-9. After scanning 
the first half of the scan, new powder was added to fill in the voids and levelled. This 
new powder was then scanned to form a solid layer with previously deposited beads. 
Although the deposited layer thickness was comparatively independent of the scan 
spacing, values of 0.5 to 0.7 mm were mainly used in the following experiments to 
ensure a sufficient overlap in this modified refill pattern. The orientation and building 
strategy of each layer in fabricating a multi-layered structure remained the same, if not 
otherwise specified, though it would be an issue of interest for the future. 
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In summary, the "refill" modified scanning pattern added an intermediate step oot, retillirng 
fresh powder between the first half building cycle and the second half, which originated 
from the scanning pattern 3 introduced in the Section 12.2. The scanning spacings of 
major interest were 0.5,0.6 and 0.7 mm. 
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Figure 12-9: Schematic representation of' powder layering steps in the refill scanning 
pattern 
12.5 Two-layer Structure 
When building up the second layer, the fusion condition changed and this raised the 
question of whether the processing parameters needed to be adjusted accordingly. The 
first layer was fused on an 1113 substrate, while the building process from the second 
layer began on an "uneven" surface and the conditions of heat conduction were also 
different. On the other hand, it was of interest to see if the occurrence of' porosity, 
mentioned in the previous section, could he eliminated by adjusting the processing 
parameters. 
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To investigate these problems, structures of two layers were produced with three 
conditions. The first layer was produced with the standard parameters from the previous 
tests (page 153); however, the pulse energy used in fabricating the second layer varied in 
three levels: 7.5 J, 10 J and 12.5 J. "Refill" scanning pattern was used with scan spacings 
of 0.5 and 0.6 mm. Results produced with powder thickness of 1 mm are shown in Figure 
12-10. The measurements of porosity of a cross-section of samples were conducted by 
using the software Image Tool based on the principle of imaging analysis of counting 
numbers of black and white pixels (UTHSCSA, 2002). The measured area was cropped 
manually by selecting a rectangular box as large as possible to cover the deposited layers. 
Sometimes, the sample was deflected due to thermal stresses and the box also needed to 
be rotated accordingly. Two examples in black dotted lines are indicated in Figure 12-10. 
Details about the Image Analysis method can be found in Appendix E. 
However, there were still some pores visible in the results in Figure 12-10 due to the 
greater layer thickness, no matter what pulse energy for the second layer and scan 
spacing were used. 
with powder layer thickness of 1 mm 
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Figure 12-10: Cross-sections of 2-layer structures with different processing conditions 
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12.5.1 Lower layer thickness 
Due to the presence of porosity even with the modified scanning pattern, it was decided 
to reduce the layer thickness to see if this helped. The layer thickness was reduced to 
0.4 mm by laser cutting several new stacking frames of according thickness. The 
thickness was so decided because such size (0.015 inch thick) of the existing shim metal 
sheet was available in the market. Thinner shim metal sheets caused problems in 
handling and cutting, while thicker ones probably could not show the effect of a reduced 
layer thickness evidently. 
0.4 mm 
The previous experiment was repeated and the results are shown in Figure 12-11. The 
reduced layer thickness improved the fusion significantly and the porosity was also 
reduced. Both pulse energy of 10 J and 12.5 J produced a denser interlayer bonding, 
whereas the lower pulse energy of 7.5 J did not give a fully dense results. The distortion 
of the substrate was due to the successive deposition of the samples without putting 
sufficient pause time for cooling in between. Therefore, it was decided that pulse energy 
of 10 J was more suitable in reducing the thermal impact and distortion, when building 
the second layer and thereafter and this was the same setting as building the first layer. 
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Therefore, the adopted parameters remained unchanged throughout the building-up steps 
in the following tests, if not otherwise specified. 
However, layering stacking frames and powder and the levelling were all performed 
manually in the present system. It was hard to keep the thin frames of 0.4 mm totally flat 
and this downside made precise control of layer thickness of the powder bed difficult. 
Variations in layer thickness might still cause some porosity in the results. 
Figure 12-12 shows 2-layered structures fabricated by modified scanning pattern and 
standard parameters, in which pulse energy of 10 J was applied throughout the building 
process of the first and second layer. A full density of the sample produced with a scan 
spacing of 0.5 mm was achieved, wherein the porosity was about 0.22% for a scan 
spacing of 0.6 mm. Though the investigation carried out so far was based on a powder 
layer thickness of 1 mm, the findings were still valid and useful. Lower powder thickness 
ensured the selected process parameters could produce the results more reliably. 
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12.6 Multi-layered Structure with Refill Scanning Pattern 
Samples of the multi-layered structures and cubes were successfully fabricated to 
demonstrate the feasibility of the whole process. Figure 12-13 and Figure 12-14 show the 
features of multi-layered structures produced by the refill scanning pattern. 
Figure 12-13: "I'op view of two multi-layer structures produced by modified refill 
scanning pattern 
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Figure 12-14: Close-up of the top surface of two multi-layered structures 
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Five-layered structures were subsequently produced. Porosity of these structures was also 
measured. Figure 12-15 shows different samples with scan spacings of 0.5 and 0.6 mm, 
where porosity was still present, but could be reduced by well-controlled layer thickness. 
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Figure 12-15: Cross-sections of structures of H 10 with different scan spacings 
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Cubes of different dimensions produced with the standard parameters and the refill 
scanning pattern were successfully fused, as seen in Figure 12-16. The process has 
demonstrated the potential of manufacturing preforms combining the advantages and 
flexibility of layered manufacturing technology. 
Figure 12-16: Demonstration cubes fabricated with reduced layer thickness 
Nearly dense cubes were produced with the scan spacing of 0.6 mm by repetitive 
deposition of twenty layers with the refill scanning pattern, as shown in Figure 12-17. 
Figure 12-17(a) shows the cross-section with some small pores (in black). Mirror-like 
polished surfaces are presented in Figure 12-17(b). The cropped and transformed cross- 
section, Figure 12-17(a), for estimating porosity is shown in Figure 12-17(c). The 
porosity of the fused cube was about 0.55% 
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12 mm X 12 mm X 10 mm (height) 
12.7 Surface Roughness Measurement on Solid Cubes 
Measurements of surface features of fused cubes were conducted using the non- 
contacting ISO-surf scanner. Cubes produced by the refill scanning pattern but with 
different scan spacings were evaluated. The measuring area was confined to 
4.95 mm X 4.95 mm as a compromise between measuring time and accuracy. The 
measurements were taken in the middle on the top surface (10 mm X 10 mm) of the 
fused cubes. Three measured surface maps of different scan spacings are shown in Table 
12-2. 
Waviness and roughness of the measured surfaces were analysed by selecting the cut-off 
length of 0.8 mm. The results were an average of the whole measuring area, and are 
shown in Figure 12-18. A trend of increasing waviness with increasing scan spacing was 
observed, while there is no distinct difference in roughness. In fact, surface waviness is 
another important surface feature which is often overlooked. If a certain pattern of 
surface waviness keeps occurring in processing of each layer of powder, the cumulative 
effect may result in difficulty for the laser to "refill" the gap (in scanning pattern 3) or 
cause inaccurate part geometry or porosity. 
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Figure 12-17: H 10 Solid cubes of twenty-layer deposition with the dimension of 
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Table 12-2: Surface maps of various cubes by the ISO-surf scanner 
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Figure 12-18: Comparison of surface features among cube produced with various scan 
spacings 
12.7.1 Effect of Surface Remelting 
Surface remelting produced a shinier surface and could effectively reduce the surface 
irregularities which had an adverse effect on the interlayer bonding when building up a 
multi-layer structure. Within a brief test, the effect of surface remelting was investigated. 
The remelting was done by repeating the scanning programmes once without adding new 
powder layer samples and the process parameters remained the same. Similar to 
designing a scanning pattern, there were also a lot of possibilities for the remelting 
pattern. A cross-hatched method was decided, because it is common in commercial laser 
sintering machines and was easy to programme and implement for the purpose of testing. 
Due to the similarity among scanning pattern I to 4, only samples from the pattern 1 and 
3 produced with and without surface remelting are shown in Figure 12-19 for comparison. 
The effect of remelting was evaluated by measuring surface waviness and roughness 
using the ISO-surf profilometer. The results from 4 scanning patterns are compared in 
Figure 12-20. 
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Figure 12-19 Effect of cross-hatched surface remelting with a scan spacing of 0.5 mm 
It is evident from Figure 12-20 that surface waviness and roughness reduced significantly 
in the four scanning patterns. Although surface remelting was not a major issue within 
the scope of the experiments, it would be interesting to investigate how to incorporate it 
to improve the material properties near the surface by changing the parameters in 
remelting, i. e. scan spacing, laser pulse energy and scanning directions etc. This may 
have similar effects to the laser surface hardening. The improved surface finish may also 
reduce the machining time in the final stage of tooling. 
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Figure 12-20: Remelting effect on the surface waviness and roughness 
12.8 Summary 
To produce layered structures, two additional variables, i. e. the scanning pattern and the 
scan spacing, were studied. Four scanning patterns were first envisaged. Cross-sections 
produced by these scanning patterns and various scan spacings were compared by the 
Image Analysis method to measure the average deposition thickness. A pore-free cross- 
section was also addressed. 
Pores were found, often at the root of bead. The causes of porosity were discussed. This 
led to the development of a new scanning pattern, in which a refill of powder was 
introduced to fill the voids left by the previous scans. The effect of processing parameters 
in building the second layer was also studied. The powder layer thickness was also 
reduced to 0.4 mm to increase the bonding between layers. 
It was also concluded that varied processing parameters in building the second layer did 
not improve the quality of fused layers. Therefore, the parameters for creating multi- 
layered structures remained unchanged throughout the whole build-up process. By 
applying the refill scanning pattern and scan spacing of 0.5 and 0.6 mm, several multi- 
layered structures of H 10 tool steel were produced with porosity less than 1%. 
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These findings were very helpful in fabricating FGMs of H10 and WC. The work 
devoted to FGMs is presented in the next chapter. 
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There are several new issues, when mixed powders are processed. First, the fundamental 
idea of using the principle of liquid phase sintering in laser-powder deposition is to 
enhance the wetting between different particles by melting the material of lower melting 
point. However, the characteristics of energy coupling (i. e. absorbance) of each mixing 
component may significantly differ. Powders like copper and aluminum have low 
absorbance with respect to the CO2 laser irradiation and this may reduce the effectiveness 
of liquid phase sintering when mixed with other powders. For example, higher energy 
density levels were required for Cu and Cu alloys than to process stainless steels, though 
their melting temperatures are considerably lower than that of stainless steel materials 
(Klocke et al., 1995). Second, dissimilar powders behave differently during mixing and 
in the convective melt pool of laser processing due to the difference of their morphology 
and density. Third, the thermal stresses induced by mismatch of the coefficient of 
thermal expansion of various constituents may not be ignored. This is where FGM proves 
successful in reducing such adverse effects on material properties (Gasik and Ueda, 1998) 
(Teixeira et al., 1998). 
Frequently, the material of low melting temperature is the minor component in sintering 
or fusing multiple materials, as long as the amount of melt is sufficient to wet the major 
structural material and form a skeleton for further uses. Even though the sintered part can 
be infiltrated with another material, this material's properties are in general different to 
the main structural material. As a consequence, the resultant part's mechanical properties 
are usually constrained by the material of low melting point and the part is often not 
suitable for many applications. 
Tungsten carbide (WC) was mixed with H10 tool steel powder to enhance the material's 
performance in wear resistance applications. Direct laser fusion or melting H10 and WC 
was the approach to avoid porosity and reduce any required post processing time. The 
processing of mixed powders of H10 and WC was undertaken with the parameter 
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settings set the same as the production of solid H10 structures. Therefore, processing of 
H10 and WC was expected to be similar to H10, provided that H10 was still the major 
component in the mixture. 
In the following experiments, the direction of compositional change was in the height 
direction (Z-axis) due to the nature of layered fabrication and the existing processing 
technique. 
13.1 Selection of the Mixed Composition 
The concept of fusing tungsten carbide (WC) with the H10 tool steel originates from 
cermets or cemented carbides. These kinds of materials combine the strength and 
toughness of the metal binder or matrix with the hardness and thermal resistance of the 
ceramics. A feature of cemented carbides is that they can be tailored to provide different 
combinations of abrasion resistance and toughness by controlling the amount of metal 
binder and the WC grain size (Roberts, 1980). Tungsten carbide is one of the materials 
commonly used in cutting tools and wear resistant applications. Cobalt is the metallic 
binder usually incorporated with tungsten carbide due to its toughness, good wettability 
and compatibility. However, cobalt is also classified as a material of strategic importance 
and has limited quantity available (U. S. Geological Survey, 2002) (Karigomba, 2002). 
Several alternative binders to replace Co have been investigated (Laoui et al., 1999). 
There would be commercial, industrial and military interests, if WC could be 
successfully combined with H10, such as the application in extruder barrels, vehicle 
armours and other components exposed to severe wear conditions or abrasive materials. 
The selection of 20wt% WC mixed with 80wt% H10 powders as the initial mixing ratio 
was based on several considerations: 
1. The powder mixture of 20wt% WC and 80wt% H10 powders gives a composition 
similar to that of the high speed tool steel Ti, as shown in Table 13-1. 
High speed tool steels are materials having a tough matrix, plus the associated 
dispersion of wear resistant, high hardness carbides which together provide a suitable, 
useful range of properties over the wide range of temperatures experienced in metal 
cutting (Wilson, 1975). 
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Alloy material Fe% C% Si% Mn% Cr% Mo% V% W% 
1110 Bal. 0.4 0.8-1.2 0.4-0.7 3.25 2.5 0.4 - 
Re-percentage of 
20%WC-80%H10 
71.50 1.52 0.68 0.56 4.06 2.38 0.53 18.77 
Ti Bal. 0.71 0.1-0.41 0.1-0.41 4 0.7 1 18 
Table 13-1: Compositions of H10 tool steel, mixture of 20wt%WC-80wt%H10 and 
Ti high speed steel 
2. In common cermet products, the content of the metal binder varies in accordance with 
the properties required in the tool. For machining hard materials cutting tools 
containing 95wt% WC and 5wt% Co are used, while for cold-drawing dies, where 
greater toughness is required, a cermet containing 75wt% WC and 25wt% Co would 
be employed (Haggins, 1998). Compared to this range of metal binder, the selection of 
80wt% of H10 may seem to be excessive. However, most of the cemented carbide 
products are manufactured by a powder metallurgy method or other process like PVD 
or CVD (physical/chemical vapour deposition). In the laser fusion process, the 
interaction time between the laser and materials is relatively short. In consequence, the 
solidification and cooling rate of the material is considerably faster. The content of the 
metal binder for laser fusion process should be much greater than for other processes, 
because the powder densification solely depends on the viscous flow of the molten 
metal (i. e. the principle of liquid phase sintering). In the current mixing ratio, 1110 
powder is 89vo1%. This gives sufficient melt to embed fine and dispersed WC 
particles. 
3. It has been shown that an excessive amount of metal binder and inappropriate 
temperature control might cause distortion of parts as a result of viscous flow driven 
by gravity in liquid phase sintering (Ganesan et al., 1998). However, the plan was to 
extend the work on the H10 tool steel powder, which included the optimisation of 
process parameters, to systems of mixed powders and eventually to FGMs. Laser 
fusion of H10 tool steel powder had achieved good results with nearly full dense 
structures, as shown in Section 12.6. It was therefore more likely to process a powder 
mixture with a composition of 80wt%H10-20wt%WC successfully by applying the 
same parameters previously obtained for H 10 powder rather than to experiment with a 
powder mixture containing too much WC, e. g. 50wt%H10-50wt%WC. 
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4. If the ratio of WC increases, the effect of thermal stresses due to mismatch of dif'lerent 
materials (WC and HlO) may not be ignored. Furthermore, this can result in material 
defects. This issue is related to the characteristics of the laser fusion process and the 
material properties and requires more extensive research. It may not be a wise decision 
to tackle these problems directly as a first approach of fusing an FGM. 
5. Last but not least, the selection of the WC-H 10 ratio was considered as an initial 
approach to produce FGMs, where this composition (20wt%WC-80wt%I-l 10) might be 
more likely to succeed. This composition should rather be seen as a possible or an 
intermediate composition than a finalized composition for any specific application. 
13.2 Preparation of Mixed Powders 
Powders of H10 tool steel and tungsten carbide were weighed with different ratios (WC 
from 0% to 20wt%) on an electronic balance (ADG300L, Adam Equipment) with 
accuracy to 0.1 g. The powders were mechanically 
blended by a roller mixer for 10 hours. 
After mixing, the mixture was examined under SEM and showed a reasonably 
homogeneous distribution of the materials, as seen in Figure 13-1. 
Figure 13-1: Powders after mixing for 10 hours with large spheres of III0 tool steel 
powders and scattered small particles of WC 
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The conversion of weight percentage of each constituent into volume percentage is as 
follows: 
w° w° 
VO = 
d° 
= 
d° 
eq. 13-1 Wa + wb 
w° + 1+ 
d° (1-w°) 
d° db da db db " Wa 
where w and v represent the weight and volume percentage respectively, and suffixes a 
and b indicate each material in mixture. The volume content of WC in a powder mixture 
of 80wt%H10-20wt%WC equals 11% based on the conversion eq. (13-1). In the 
following sections, compositions of the FGM like 80wt%H10-20wt%WC were 
designated as 80H10-20WC for simplicity. The numbers represented the weight 
percentage, if not otherwise specified. 
13.3 Fabrication of FGMs of H1O-WC 
The methodology in fabrication of FGMs of H10 and WC started from building single 
beads and layers. The production of multiple layers was then followed. Different 
compositional increments were also investigated. Before building up a multi-layered 
structure of FGM, single beads and layers of 80H10-20WC were produced to gain 
experience in sintering mixed compositions. This was performed with the standard 
parameters derived from the previous Section 11.5 and 12.4, as summarised in Table 
13-2. 
Pulse Pulse Pulse Repetition Average Feed Focal Scan Scanning Layer 
width height energy rate power rate position spacing Pattern thickness 
5 ms 32 % 10 J 10 Hz 100 W 200 Focused 0.5- Refill 400 pm 
mm/min beam 0.6 mm 
Table 13-2: Summary of the standard parameters 
Figure 13-2 shows some typical features in processing mixed powder. A lumpish start of 
the scans was evident, though the applied parameters were optimised to reduce this 
phenomenon in processing of H10. The surfaces of these samples were generally rougher 
than samples of H10 and there were some nodes formed possibly due to the change of 
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surface tension by addition of 
WC particles. Such irregularities increase the difficulty to 
create an FGM of a fully 
dense structure. 
Figure 13-2: (a) Single bead and layer of 80H10-20WC (b) single 
layer of 80H10- 
20WC with different scan spacings 
Figure 13-3 shows the cross-sections of single layers of 80H10-20WC. 
The surfaces 
appeared to be much more irregular than was 
found in samples of H10. There was also 
small amount of pores present 
in the cross-sections. 
Figure 13-3: (a) Cross-section of sample of single layer with a scan spacing of 
0.5 mm; 
(b) Cross-section of sample of single layer with a scan spacing of 
0.6 mm 
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As previously mentioned, FGMs of HiO-WC were produced by layering and fusing 
powders of various compositions. The composition changed in the vertical direction and 
changed from pure H10 (bottom layer) to 80H10-20WC (top layer) with incremental 
change in composition between these two end values. In the following experiments, 
studies on fusion of FGM started first with a fixed increment of WC content by 10wt%. 
Finer increments of 5wt% in the WC's content were subsequently studied. 
Three-layered structures were produced. Figure 13-4 shows a cross-section of a sample 
consisting of 20%WC, 10%WC and H10 in each layer. Porosity was estimated to range 
from 1.4% to 7.9% in these samples, which were produced in different scan spacings. It 
is visible that there were pores present, and most of them appeared to occur in the "fill- 
in" scans. The change of surface tension due to the addition of WC and the resultant 
surface irregularities, as observed in Figure 13-2(b), might cause such kind of difficulty 
in processing. 
Figure 13-4: 3-layered structures with graded compositions 
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Structures containing two different graded compositions were produced, seen in Figure 
13-5. Figure 13-5(a) shows a sample with a composition varying from 20wt%WC to H 10 
with lOwt% increment of H10, whereas Figure 13-5(b) was a sample with a 5wt% 
increment of H 10 in each layer. The latter example had an estimated porosity of 0.81 %. 
20%WC, 2 layers of each composition, (b) FGM with a 5wt%WC 
increment in composition 
The FGM-samples were very abrasive and this made cross-sectioning by an abrasive saw 
difficult to cut through the solid blocks. By applying a low speed cutter with a diamond 
coated blade, the risk of damaging the brittle samples was greatly reduced; however, it 
took more than 10 hours to cross-section a sample of 10 mm X 10 mm X2 mm 
(thickness). Consequently, thin walls with the same graded compositions were produced 
for the convenience of further analysis, as discussed in Chapter 14 and 15. Thin walls of 
graded compositions of H10-WC mixtures were produced by overlapping single beads 
vertically. Similar to previous samples, they were also produced with increments in 
5wt%WC and I Owt%WC respectively. 
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13.4 Summary 
The fabrication of FGMs of H10 and WC was conducted. Both end compositions were 
100%H10 and 80wt%H10-20wt%WC. Two compositional profiles were investigated: 
one was with an increment of 1Owt%WC; the other with 5wt%WC. The processing of 
the powder mixture adopted the same parameters used in processing H 10 because H 10 
tool steel was still the major constituent in the powder mixture. The fusion results were 
also similar to those mentioned in the previous chapters, though the resultant surface was 
slightly rougher and more irregular. 
Multi-layered FGMs were successfully produced with porosity of less than 4.5%. It is 
essential to assess and compare the properties of fused H10 and FGMs and the results are 
presented in the following chapters. 
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Specimens were prepared following the general practice of microstructural analysis by 
cross-sectioning, mounting, grinding, polishing and etching. Samples of H10 were cross- 
sectioned by an abrasive cut-off wheel, moulded in the Bakelite resin and polished. Due 
to the brittleness, all samples of mixed compositions were cross-sectioned by a low speed 
cutter (maximum speed 300 rpm, maker: Buehler) with a diamond coated special blade 
(maker: Buehler). 
Compression-mounting epoxy resins provide convenient handling of small specimens 
and for the polishing step. Samples and moulding powder were placed in a die which was 
pressurised and heated by a specimen mounting press (Tempopress, maker: Struers). 
After curing for 20 to 30 minutes (depending on moulding powders) and cooling for 20 
minutes, the specimen was firmly mounted in the resin. Black Bakelite compression 
moulding powder is the common material with a curing temperature of 148°C. 
Transparent Lucite compression mounting helps control the grinding to a specific feature. 
Grinding was performed manually for all specimens with water-cooled silicon carbide 
paper (250 mm in diameter) on a rotary grinder (maker: Metaserv). The initial grit size 
was 80- or 240-grit to get rid of the marks on cutting surface and finer sizes of 800 and 
1200-grit were selected to remove the scratches from the previous steps. 
Two stages of polishing were conducted manually on a rotary progrinder (maker: 
Metaserv). Diamond abrasives of 6 and 1 µm were applied on the polishing clothes. With 
wheel speeds of 150 to 300 rpm and moderate pressure, the specimens were polished to a 
scratch-free condition. 
The etching was done with a Nital solution (1-5 ml, HNO3 with 100 ml ethanol (95%) or 
methanol (95%)). The specimens were swabbed or immersed in the prepared solution for 
a few seconds to a minute to reveal the general structure (ASTM E407-93,1997). The 
etching of FGM samples was done with Murakami's solution, which contains 10 g 
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K3Fe(CN6), 10 g KOH or NaOH and 100 ml water. The general structure of tungsten was 
shown by swabbing for 5-60 seconds (ASTM E407-93,1997). 
14.1 Single Beads of H1O 
Figure 14-1 shows typical micrographs of the structure of the H10 tool steel powder 
solidified by laser fusion. The structure consisted of a few distinct zones from the top 
surface to the substrate. Figure 14-1(a) and (b) show the whole cross-section, where 
individual micrographs were taken from. 
Close to the surface, the structure consists of very fine equiaxed dendrites of the primary 
phase, which indicates that solidification has occurred very quickly in this zone, as seen 
in Figure 14-1(c). The size of cellular (or globular) structure increased then rapidly and 
prevailed in the central region of the cross-section. Symmetrical heat conduction and 
slower solidification rates were characterized by a coarser cellular structure, as shown in 
Figure 14-1(d) and (e). Close to the bottom of bead, equiaxed dendrites are again 
observed in Figure 14-1(f) and this result was typical due to the heat conduction in all 
directions within a powder bed. In the heat affected zone, Figure 14-1(g), the structure 
exhibits columnar dendrites aligned along the direction towards the substrate. This 
relative alignment is characteristic of solidification which is dominant due to the heat 
dissipation of the substrate. It should be noted that no porosity was observed in the 
microstructure. 
Similar micrographs are obtained in Figure 14-2. The main difference is the coarser 
dendritic structure in general, compared with structures in Figure 14-1. This resulted 
from the fact that the bead in Figure 14-1 was the first to be scanned and the bead in 
Figure 14-2 was one of the beads deposited subsequently. At the time of the scanning of 
the sample in Figure 14-2, the substrate became heated up as well as the powder bed. As 
a consequence, the temperature gradients were less in the powder bed and the 
solidification rates were slower for the sample in Figure 14-2 than in Figure 14-1. In 
addition, the feed rate in Figure 14-2 was slightly faster than in Figure 14-1. Shorter 
interaction time and less specific energy density could also make the difference. 
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A cross-section in the X/Y planar direction is shown in Figure 14-3. The sample was 
ground a few hundreds microns. The granular structure was prevailed throughout the 
horizontal plane and this indicated that high cooling rates occurred afterwards. 
In the case of a multi-layered structure, layers underneath experienced several thermal 
cycles which may have a similar effect to tempering and some martensite could re- 
austenize under proper thermal conditions. 
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Figure 14-1: Micrograph characteristics of the cross-section of a single bead of' f{ 10 
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14.2 FGM of HIO-WC 
Due to the distinct difference in density (1I10 of 7.8 g/cm' and WC of 15.7 g/cm°), there 
was a concern previously that the WC particles might accumulate at bottom of the melt 
pool. In Figure 14-4, the hard WC particles were scattered within the 1110 matrix and 
seen as light grey points. Segregation or agglomeration of fine W(' particles did not 
occur. Figure 14-4(a) is a collage of normal SEM micrographs, whereas Figure 14-4(h) 
was enhanced with a backscatter detector, which distinguished different elements by high 
contrast. The brighter the spot (or pixel), the heavier the atomic weight. As a result, the 
moulding Bakelite appeared black and some bright spots were scattered in the vertical 
direction. 
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Figure 14-4: Collage of images of beads with graded compositions; (a) St; M 
micrograph; (b) SEM with backscatter detector 
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Figure 14-5 shows an interdendritic structure with possible alloying phases. It is a more 
preferable structure. Since small WC particles were melted or dissolved in the matrix, the 
alloying phase of mixed structure reduces the possibility of material failure at the 
interface. 
The bonding between the embedded WC particles and the H10 matrix was another 
concern and would affect the final material properties. Figure 14-6(a)-(d) show some 
SEM micrographs where the WC particles were fully wetted by the H10 tool steel melt 
and solidification patterns are evident. There might be some new phases or 
microstructures formed around the embedded particles. Further EDX or XRD analysis on 
the compositions or lattice . structures within these regions 
is discussed in the next section. 
It should be noted that there was no crack at the interface induced by thermal stress. 
On the other hand, Figure 14-7(a) and (b) show an example of insufficient wetting of the 
H10 tool steel melt. It not only left a porous periphery around the WC particles, but also 
resulted in a less than fully dense H10 matrix. Poor wetting resulted in deficient bonding 
between WC and 1110 matrix and inferior mechanical properties. Interface separation 
might result from the different cooling behaviour of the H10 matrix and WC. 
During the processing, the FGM was subjected to repeated thermal cycling, which is also 
likely to occur in many applications, e. g. in an internal combustion engine or forging. 
The induced strain developed at the interface of the embedded particle and matrix due to 
the mismatch of the coefficients of thermal expansion may not be ignored. If the strain 
exceeds the yield strain, localised plastic flow at the interface will occur and damage will 
accumulate. From this point of view, it appeared that the dissolution of WC into the H10 
matrix might be preferable. Certainly, it is imperative to minimise the mismatch by 
applying the concept of FGM. 
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Figure 14-5: Microstructures in the region of 801110-20WC 
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Figure 14-6: Solidification structure around an embedded WC particle. SEM 
micrographs of an FGM of WC and HIO, sample polished and etched 
with Murakami's solution 
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14.3 EDX/EDS Analysis 
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An Energy Dispersive X-ray spectrometer can be used for elemental analysis of regions 
of micron dimensions. It is usually an attachment unit to the existing SEM system. 
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However, many EDX detectors are fitted with a beryllium (Be) window. This material 
absorbs energies and emits x-rays which overlap with other characteristic peaks from low 
atomic elements. Therefore, EDX is generally not able to analyse elements with atomic 
number at or below Ii (i. e. the element Na). The resolution of the detecting elements can 
also be implemented by the Wavelength Dispersive X-ray (WDX) technique, though the 
scanning speed is lower. 
14.3.1 Single Bead 
In the present process configuration, argon was applied as the shielding gas to minimise 
surface oxidation. The gas pressure was measured at 2 bar from the gas cylinder and 
1.8 bar before the gas was fed into the assembly of lens and nozzle. The flow rate 
measured at the same location was 15 I/min. 
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System parameters: 
Feed rate: 100 mm/min, 
Pulse width: 10 ms, 
Pulse height: 26%, 
Pulse energy: 15.6 J, 
Pulse frequency: 10 Hz, 
Power: 155 W, 
15 I/min Argon shielding 
Material: H10 powder 
Substrate: H13 tool steel 
plate 
Figure 14-8: 'Fop views ofa bead-on-substrate with close-ups of surface features 
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Figure 14-9: Comparison of compositional analysis and EDX spectra of marked (a) 
and (b) regions in Figure 14-8 
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It was easy to observe various patches on the bead surface. It can be shown that they are 
oxide-rich by applying quantitative EDX analysis. The result shows a relatively high 
amount of oxygen (20-30%) existing in patch-like regions, where the "clean" area had no 
(or little) trace of oxidation. 
Figure 14-9 shows the elemental composition in different areas of surface features. 
Contrary to the smooth area marked as (a) in Figure 14-8, there is a considerable amount 
of oxygen existing in the flaky and rough area (b). The characteristic peak of oxygen in 
the EDX spectrum is usually overlapped with peaks of elements Cr and V, but is more 
predominant in this case, though the height of each characteristic peak does not 
necessarily correlate to its quantity. 
It is noticeable that manganese (Mn) is among the original composition of H10 powder, 
but could not be found in the results in Figure 14-9 and other analyses done on the 
surface of beads. The characteristic peak of Mn is overlapped with the K peak line of Cr 
in the EDX analysis and such interference between elements increases the difficulty of 
identifying the corresponding element correctly. Unfortunately, this is not uncommon in 
EDX and also shows its limitation especially in quantitative analysis. This might explain 
why sometimes some element is "missing" in the resultant spectrum. 
Comparing the melting and boiling point of all the six compositional elements in the 
original H10 powder, the boiling point of manganese is around 2200°C, which is the 
lowest among all elements. Therefore, it is reasonable to assume that the manganese 
could evaporate during the process. 
The depletion of volatile alloying elements also occurs in other material processing. For 
example, in the weld pool of some laser-welded steel, the loss of Mn from the weld pool 
was found to be significant in both conduction and keyhole welding modes and increases 
with laser power and welding speed (Duley, 1998). Mundra pointed that the type and 
flow rate of shielding gas are important variable in the overall vaporisation rate (Mundra 
and Debroy, 1993). In addition, the change of composition could also change the material 
properties. The evaporation of volatile elements could cause porosity or affect the 
deposition of new material. 
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Conversely, this may also result from the fluorescence effect which is also common in 
quantifying results, especially in case of bulk samples. X-rays produced within the 
specimen may interact with some of the inner shell orbital electrons, producing further 
"secondary" X-rays (Lawes, 1987). The effect causes abnormally high counts in the 
lower energies and can be significant in analysing elements of adjacent atomic numbers, 
as in the case of Mn and Fe. 
Though shielding gas of 151/min was applied, oxidation apparently still existed. This 
might imply that the gas pressure needed to be increased (but not to blow powders), or 
the gas shroud needed a new design, e. g. adding some protection for the tail of the weld 
bead. 
The effect of an oxide layer can act as an interference in coupling of the laser beam into 
the material by introducing a thin dielectric film at the metal surface. According to Duley, 
the film must have a optical thickness of nd ? )/4 for interference effects to be significant. 
The real refractive index n is about 2-3 for common oxides. As a result, films with 
thickness d as small as 0.1-0.2 µm will exhibit interference effects at 1.06 µm. An oxide 
film, shown in Figure 14-10, was measured with a thickness of 532 nm. Though the 
measurement of film thickness may have some deviation due to the compression effect 
from a view at an angle, the film is much thicker than 0.2 gm. Therefore, the potential 
interference of the oxide layer should not be neglected (Duley, 1998). 
Figure 14-10: SEM photography of features of a possible oxide film of 532 nm 
thickness 
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An interesting question is why the oxide film existing on the bead surface did not exhibit 
a continuous structure; instead, it appeared dark, patch-like and rough, An explanation 
may be that the cooling on the surface due to the pulsed laser had different effects of 
contraction on the oxide film and the fused bead. As a result, the thin oxide film shrank, 
broke and resulted in discontinuous patches or even peeled from the original bead 
structure. 
Surface oxidation is an important issue in Laser Powder Fusion. Some have claimed the 
surface oxidation layer may have adverse effects, e. g. causing delamination of two 
successive powder layers or two overlapped scans or detrimental to material properties. 
In Nd: YAG laser welding, any oxide and soot from metal vapour from the previous spot 
can enter the weld pool of the next. Therefore, gas shielding is necessary to prevent such 
contamination and maintain weld quality (Dawes, 1992). 
14.3.2 2D Mapping of H10 Fused Beads 
In combination with the embedded EDX, the elemental distribution can be performed by 
the X-ray mapping technique, as shown in Figure 14-11. In the EDX system, the 
elements present were detected over the entire range of energies or wavelengths. Based 
on this information, channels covering the required energy range were selected (i. e. 
present elements were specified), and the SEM was made to scan its electron beam 
slowly over the specimen in the usual way. The output of X-ray spectrometer was used to 
form the image, instead of using the signal from an electron detector (Lawes, 1987). As a 
result of selective detection, the only points that were bright in the images would be those 
where the specified element was located. 
In each dot mapping, the bright pixels represent the distribution of each studied element 
and the brightness of the points gives an indication of its concentration. The black pixels 
result from background. 
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Figure 14-11: 2D mapping images showing the elemental distribution from the 
observed SEM photograph on a bead surface 
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It seems there are some ferrous oxides by comparing the images of elemental mappings. 
Mo, Cr, and V, in general, have a relative homogeneous distribution across the observed 
pictures. 
14.3.3 Overlapped Beads 
It is interesting to note in Figure 14-12 the first bead has rougher surface features, where 
the second-deposited bead seems to have a much cleaner surface. EDX shows oxygen 
content of 22% in the first deposition and 18% in the second. In general, it seems that 
later deposited beads have a brighter and shinier surface appearance. 
0 
System parameters: 
Feed rate: 100 mm/min, 
Pulse width: 10 ms, 
Pulse height: 26%, 
Pulse energy: 15.4 J, 
Pulse frequency: 10 Hz, 
Power: 154 W, 
15 I/min Argon shielding 
Scan spacing: 1 mm 
, ". " : r. 
&jr 
Figure 14-12: Surface features of overlapped beads with oxygen contents in area (a) 
22% and in area (b) 18% 
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14.3.4 FGM of WC-H10 
The presence and content of WC in the FGM were examined by the EIA. Samples of a 
thin wall structure, which contained H10,1Owt%WC and 20wt%WC from bottom to top 
with two layers of each composition, were analysed. 
The energy density of the electron beam was fixed at l5keV. Two spots pointed at the 
H 10 matrix and a WC particle in the area of 20wt%WC-8Owt%I 110 were examined, as 
seen in Figure 14-13(a) and (b). Figure 14-13(c) and (d) are the equivalent spectra 
showing the characteristic peaks of related constituents. It is evident in that W was found 
in the matrix, while there was no trace of other elements detected within a WC particle. 
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Mutual solubility of WC and H 10 is an important factor affecting the powder 
densification in liquid-phase sintering. A low liquid solubility in the solid combined with 
a high solid solubility in liquid is a favourable interaction with extensive densification 
during liquid phase sintering. This concept is also applied to a variety of systems that 
result in densification, including WC-Co, A1203-SiO2 and Fe-Cu processed by 
conventional sintering methods (German, 1996). The EDX-results in Figure 14-13 
showed high WC solubility into the H10, i. e. liquid phase, and very low solubility of H10 
in solid WC. This signified extensive densification of the powder mixture and successful 
application of liquid-phase sintering during processing. 
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Quantitative analyses in three regions with an approximate size of 200 pm X 150 µn) 
were conducted. Figure 14-14 was produced by the backscattered electron detector and it 
showed high contrast among different constituents depending on their atomic weight 
numbers. The EDX measurements in the 20wt%WC-11 10 (region 1) and 1 Owt%-l I 10 
(region 2) showed that the W contents were comparable to their initial mixed ratio in the 
powder blends, as seen in Figure 14-14. In 1110 (region 3), the measured content of W 
was far beyond the accuracy of the EDX technique and it was hence reasonable to 
assume that no W existed in the area of 1110. 
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Figure 14-14: Quantitative analysis by EDX in three regions of a thin wall structure 
with a graded composition, varying from 20wt%WC' to 1110 
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The presence of WC in the 1-110 matrix was further confirmed by the backscattered 
electron imaging and line scanning by EDX and WDX. Figure 14-15 provides a graphic 
presentation of elemental distribution of W and C. The detection was undertaken by 
specifying the characteristic energy levels of the element of interest. There were evident 
peaks of the elements of W and C appeared, when the detectors performed line scanning 
across an FGM sample, as the white lines shown in Figure 14-15. 
WC particles dissolved in the H 10 melt under the laser processing and it resulted in the 
formation of a complicated alloy structure. Referring to the microstructure of high-speed 
steels, it was believed that different type of carbides like M6C and MC were present 
(Riabkina-Fishman et al., 2001). 
Figure 14-15: Detection of elements by the EDX and WDX line scanning 
As previously seen in Figure 14-6, different solidification patterns and complicated 
phases were formed around embedded WC particles. Quantitative analyses ot' 
compositions by EDX at different spots were performed and shown in Figure 14-16. It 
should be noted that the accuracy of the existing EDX spectroscopy can only detect an 
area larger than I µm XI µm. It is assumed that the light grey area was tungsten-rich 
ferrite/martensite matrix and the dark grey area contained retained austenite. An exact 
identification of each phase needs sophisticated techniques like X-ray diffraction (XRD) 
or Electron Probe Microanalysis (EPMA). 
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Figure 14-16: EDX analysis close to an embedded WC particle and solidified phases 
14.4 X-Ray Diffraction 
X-ray diffraction spectroscopy (XRD) is capable of determining the lattice structures and 
identifying different phases based on Bragg's law. The first-order diffraction can occur 
only for wavelengths A=2"d" sin 0, where the wavelength X is given by the radiation 
emitted from the X-ray tube and the spacing d can he calculated with a known ditiraction 
angle G. The spacing d is related to the dimensions of the cell, whose shape varies from 
cubic, tetragonal, orthorhombic, hexagonal or monoclinic. 
The measurement was done by a Bruker D8 X-ray diffractometer with a quarter-circle 
eulerian cradle for mounting samples. The copper target X-ray tube produces principle 
Cu-Ku. radiation with a wavelength of 1.54056 A, but Mo-, or Cr-tubes are also common. 
A polished cross-section of an 1-110 cube was studied and the result is shown in Figure 
14-17. The peaks at 44.5 deg, 64.6 deg, 81.8 deg and 99 deg are identified as ferrite 
(alpha iron). The presence of martensite and retained austenite was not detected. 't'hough 
the splitting of the 44.5 deg peak might be due to the presence of martensite, the other 
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ferrite peaks were not split significantly if this was the case. The splitting of this peak 
might be caused by an artefact. The peak at 50 deg was not austenite as there should have 
been a much stronger peak at 43.5 deg. This peak is probably from one of the carbide 
phases present but it is impossible to identify it from one peak. 
600 
Co 
500 
-v ö 400 
v 
300 
d o- 200 
100 
0 
U0 
30 40 50 60 70 80 90 100 
20, Diffraction angle 
Figure 14-17: XRD pattern of the H10 cubic sample 
The Cu-Ka radiation fluoresces Fe producing many extraneous peaks and made it 
difficult to identify phases and also reduced the resolution. Due to the limited availability 
of the XRD equipment in the IPTME, Loughborough University, it was not possible to 
carry out further analysis. However, it is possible in principle to give a quantitative 
account of retained austenite at room temperature using the XRD technique with a 
specimen without peak interferences or excessive texture (Metallography. com, 2002). 
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14.5 Defects 
14.5.1 Pores 
In the initial work of fusing mixed powder of 80%H 10-20%WC, gas pores were found 
throughout the whole structure, especially densely distributed in the bottom region (the 
first scan), as seen in Figure 14-18. Although gas pores can be randomly distributed, they 
can also line up and form bands of porosity when banding is severe during solidification 
in metal welding. The formation of porosity, which did not exist in the previous 
experiments of pure H10 powders, may be caused by periodic fluctuations in heat and 
fluid flow in the weld pool during welding (Kou, 1987). It is interesting to note that such 
porosity banding mainly exists in the first layer. Preheating the powder bed might prove 
effective in reducing the formation of porosity. 
Figure 14-18: Porosity banding observed in an unsuccessful fusion of 20wt%WC-H10, 
etched by Murakami's solution 
Porosity may be caused by the effect of surface tension, as depicted in Figure 14-19. The 
convection of weld (melt) pool can result from heat convection, electromagnetic effect, 
or surface tension (Lancaster, 1993). The convection pattern in Figure 14-19(a) favours 
trapping of gas bubbles; whereas convection pattern (b) favours removal of gas bubble. 
The addition of WC powder might also cause the change of the surface tension gradient. 
An example of the possible change of surface tension in mixed compositions was that the 
formation of a lumpish start was frequently observed, whereas it was reduced to a 
minimum in processing H10 powder solely by applying the standard and optimised set of 
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parameters. Nevertheless, it was believed that convection caused by great temperature 
gradients during the processing was the main reason for the melt flow and porosity. 
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Figure 14-19: Effect of weld pool convection on weld porosity, compiled from (Kou, 
1987) (Lancaster, 1993) 
Porosity was greatly reduced by introducing intermediate compositions between the H10 
and 80%H10-20%WC, instead of fusing 80%H10-20%WC powders directly on the 
substrate. 
14.5.2 Cracks 
Cracks may be caused by cross-sectioning or thermal residual stresses. A few cracks in 
samples were observed directly after processing. Some cracks were found after cross- 
sectioning. An example of cracks caused by excessive thermal stresses is shown in 
Figure 14-20. 
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Figure 14-20: Cracks induced by thermal stresses 
Addition of WC into the H 10 powder made the material become less tough and prone to 
embrittlement failure. A few cracks and microcracks were found in the structure, as 
shown in Figure 14-21. It was helpful to minimise cracks in cross-sectioning FGM 
samples by applying a special diamond-coated blade with low speeds instead of a 
common abrasive cut-off wheel. As the content of WC increases, the material became 
hard and brittle. The cracks induced by thermal stresses were effectively reduced by 
applying layers of intermediate compositions. 
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Figure 14-21: Flaws in a two-layer cross-section of 20wt%WC-80wt%H 10, etched by 
Murakami's solution 
While preparing a flat surface for hardness testing, grinding cracks were also observed on 
the top ground surface in samples containing WC. This type of cracking usually takes up 
a crazed appearance, and is often caused by severe stressing and localised overheating of 
the steel when ground. An example from reference is given in Figure 14-22(a) and (b). 
This shows a tool of 01 (oil-hardening cold-work) steel which has been possibly 
austenized at too high a temperature and inadequately tempered prior to grinding. 
Overheating in this way supersaturates the austenite, resulting in an abnormally high 
carbon martensite, and also more than the normal amount of retained austenite. Cracking 
of this type can be easily identified. The cracks run either perpendicular or parallel to the 
direction of grinding. 
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Figure 14-22: Examples of grinding cracks (Wilson, 1975) 
Similar flaws were observed on the surfaces of samples containing 20wt%WC and 
80wt%H 10 after grinding, as seen in Figure 14-23. Evidently, the toughness and 
hardness of these samples have changed due to the addition of WC particles. These 
cracks might be caused by faulty grinding practice. 
Figure 14-23: Observed surface flaws in the samples containing 20wt%WC 
Tungsten hot work steels and the high speed steels show considerable susceptibility to 
cracks in grinding. This is associated with their rather poor thermal conductivity and 
inability to withstand rapid heating and cooling cycles. Cares should be taken in grinding 
these steels (Wilson, 1975). 
In brief, attention must be paid to specific aspects in grinding such as: 
1. proper dressing of the wheel 
2. a more open cut wheel porous structure 
3. slower speed or increase rate of traverse 
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4. decrease width of wheel thus reducing area of contact 
5. in wet grinding adequate supply of coolant 
14.6 Summary 
The microstructures of the samples of H10 and FGMs were analysed. In general, granular 
structures were prevailed due to a rapid cooling rate. Columnar structures were found to 
be dominant in the region adjacent to the substrate due to the effect of heat transfer by 
the substrate. Microstructures of 80wt%H10-2Owt%WC showed eutectic structures and 
consisted of tungsten-enriched primary phase and the interdendritic phase. 
EDX analysis showed that W diffused in the matrix, whereas no element of H10 was 
found in the WC phase. Solid solubility in the liquid was beneficial in powder 
densification and indicated successful application of liquid phase sintering. For the 
undissolved WC particles, good wetting between WC and H10 matrix was observed. 
XRD analysis on the H 10 cube showed ferrite (a -iron) was the principle phase. 
The causes of defects such as pores and cracks were discussed. The cracks occurred 
when 80wt%H10-20wt%WC was directly fused on the substrate; however the cracks 
were eliminated if the composition of the first layer contained less WC. This also implied 
that it would be difficult to start fabricating at this composition or even with higher WC 
content. It also stressed the importance of graded compositions in reducing the thermal 
stresses. 
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15.1 Preparation and Test Methods 
The substrates were ground flat to avoid any influence of distortion on the measurements. 
The samples' surface was then ground to remove any irregularity. After the preparation, 
the sample was first tested with a Rockwell hardness testing machine (maker: Avery, 
shown in Figure 15-1) by applying a 150 kgf (scale C) load and a hardened steel ball 
indenter, which was 1/16 inch in diameter. The measurements were done in accordance 
with ASTM E18 (ASTM E18,1997). Samples were also examined with a Vickers 
hardness testing machine (maker: Avery) to confirm the measurements by applying a 
load of 30 kgf. The Vickers test was conducted following the guidelines of ASTM E92 
(ASTM E92,1997). 
The Rockwell hardness test pressed a hemisphere-conical indenter against the test 
specimen and measured the resulting indentation depth as a gauge of the specimen 
hardness. The harder the material, the higher the reading. In the test, a minor load (10 kgf j 
is first applied, and the test dial (measuring the indentation depth) is reset to zero. Then a 
major load (60,100, or 150 kgf, depending on the scale) is applied to create the full 
indentation. The major load is reduced back to the minor load, and the indentation depth 
measurement is taken. To ensure a correct measurement, there is a guideline in selection 
of suitable testing method, material thickness and expected hardness value; otherwise a 
microhardness test is recommended (Chandler, 1999). According to this, the minimum 
thickness for a metal of a hardness number of 45 HRC (150 kgf) is 0.86 mm, where the 
test samples excluding the substrate were more than 2.5 mm thick after surface grinding. 
The principle of the Vickers hardness test is similar. An indenter with a square-based 
pyramid with an angle of 136° between faces is pressed into the material. Once the load 
is removed, the diagonals of the resulting indentation are measured with a microscope. 
The hardness number is calculated by dividing the load by the surface area of the 
indentation. 
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Both Rockwell and Vickers testing machines were calibrated against standard test blocks 
of known hardness before each measurement was conducted. 
Figure 15-1: Avery Rockwell hardness testing machine 
15.2 Structures of H10 Tool Steel and Mixed Compositions 
The hardness of industrial products of H 10 tool steel depends on the heat treatment. As 
an example, the material can be hardened at the temperature 1020-1080°C and quenched 
in oil or salt bath. The resultant hardness range is 52-56 HRC (Boehler Steels, 2002). 
For samples of mixed compositions, the load of 150 kgf in the Rockwell C test was too 
great and the indenter was too large, regarding the sample containing new alloying 
phases and some undissolved WC particles. The load and large indentation area might 
either damage the brittle material or hit areas of various microstructures. This might 
result in an average reading that was less likely to show the true conditions. 
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As a result, the testing on cubes of both H10 and mixed composition of 20wt%WC- 
80wt%H10 was carried out on a Vickers testing machine with a 30 kgf load. The 
hardness of each specimen was measured at least 5 times at different locations on the 
ground cube surface. The average results are presented in Figure 15-2. The hardness of 
the H 10 cubes was independent of the scan spacing and had an average Vickers hardness 
number (HV) around 580 to 597, which was equivalent to Rockwell C hardness (HRC) 
54-55. On the other hand, the addition of 20wt% WC to H10 had improved the hardness 
to 620 to 640 HV, which represented a 5% to 10% increase in hardness. 
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Figure 15-2: Vickers hardness numbers (30 kgf) of cubes of H 10 tool steel and mixed 
composition of 20wt% WC-80wt% H10 with different scan spacings 
Unfortunately, the Rockwell testing machine available at Loughborough University only 
had B and C scales, which are not suitable for cemented carbides (such as WC), because 
the carbides are likely to fracture and damage the indenter. In a mistaken attempt of 
applying Rockwell C testing to the sample of mixed composition, the indentation caused 
severe damage and cracks to the surface, as seen in Figure 15-3. Though the Vickers test 
can reduce the load to 30 kgf, the pyramidal indentation was still too large to maintain 
the cracks to the minimum. 
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Measurements conducted in Rockwell and Vickers hardness tests were performed under 
different conditions (loads, indenter shape and size). Although there are conversion 
tables available, it should be noted that such kind of conversion is seen for the purpose of 
comparison rather than a direct analytic value. 
Figure 15-3: Various cracks occurred on the surface of a cube of 20wt%WC- 
80wt%H 10 
15.3 Microhardness Testing 
No single test could register the true hardness of cemented carbide or materials with 
inhomogeneous phase distribution, such as FGM. Microhardness testing is capable of 
registering true hardness value by applying a small load within a controllable area. 
Precisely shaped diamond indenters and various loads are used to determine hardness and 
the tests provide information on the hardness characteristics of materials that cannot be 
obtained with hardness tests such as Rockwell and Brinell. In microhardness testing, 
either a Knoop or Vickers indenter is applied. 
The testing principle basically applies to both indenters. The difference between the two 
indenters lies mainly in their shape and thereafter the created indentation depth and 
diagonal lengths. In the following tests, the Knoop indenter was available and used. 
Therefore the description is only focused on the Knoop indenter. A standard Knoop 
indenter exhibits a rhombic-base pyramidal shape and produces an indentation with a 
ratio between long and short diagonals of approximately 7 to 1. The depth of indentation 
is approximately 1/30 of the length of the long diagonal (Chandler, 1999). The tests 
followed the ASTM E384 standard (ASTM E384,1997). 
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The Knoop hardness number (HK or KHN) is the ratio of the load applied to the indenter, 
P[gf], to the unrecovered projected area, as shown below: 
HK=14230*P/d2 [kgf/mm2] eq. 15-1, 
where d represents the relevant diagonal in µm. 
Samples including cross-sections of a five-layer structure of H10 and a structure of 
graded composition (20wt%WC-lOwt%WC-H10, top to bottom) were tested with a load 
of 500 g. The dwell time was kept to 15 seconds and total test time was about 30 seconds 
for each indentation. Each sample was tested in four different areas, including one in the 
H13 substrate. At least three indentations were performed. The FGM sample was 
measured in areas of different composition as shown in Figure 15-4. This could indicate 
the variations of hardness in different deposited layers and different compositions. 
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Figure 15-4: Microhardness testing results of structures of H 10 and an FGM 
A sample of H10 showed decreasing microhardness from the top to the substrate. Area I 
had properties similar to quenched hardened martensite and had a high hardness of 
751 HK, equivalent to 61 HRC. In the intermediate regions, area 2 and 3, the material 
was tempered by the following scans and the hardness reduced accordingly. The 
substrate, marked as area 4, had the lowest hardness number. 
Sample of graded composition consisted of 20wt%WC in the top two layers, l Owt% in 
the intermediate regions, and H 10 in the first two layers. The addition of WC increased 
the hardness to 856 HK, approximately equivalent to 65 HRC. This number is almost the 
maximum hardness high speed steels (tungsten based group) can reach, if one compares 
similar compositions among these materials. In a recent study of laser-alloying WC on 
M2 high-speed tool steel by Riabkina, it showed the microhardness of the laser-alloyed 
coatings remained similar hardness of 700-760 HV (approximately 60-63 HRC) with 
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increasing tungsten content up to 40 wt%. A maximum hardness of 1600 HV was 
observed in the layer containing 75 wt% W (Riabkina-Fishman et al., 2001). 
However, the hardness of the intermediate region does not show much difference to the 
value of the H10 sample. The reason is not clear. The resultant hardness due to adding 
WC may be reduced by the tempering effect through the thermal cycles and overlapping 
layers during processing. 
15.4 Nano-Indentation Tests 
The results of microhardness testing of H10 and FGM samples in the previous section 
showed the effect of various compositions on the materials' hardness. It also indicated 
that tempering and overlapping of layers played a roll. Nano-indentation is a new 
technique and suitable for measuring hardness and elastic modulus at points of interest 
due to its capability of performing multiple tasks and a fully automatic process. 
The employed NanoTest 600 was manufactured by MicroMaterials Ltd, Wrexham, UK. 
The equipment was capable of determining the hardness and elastic modulus of the 
specimen with its standard set-up. 
The NanoTest device measures the movement of a calibrated diamond indenter 
penetrating into a specimen surface at a controlled loading rate. This device uses a 
pendulum pivoted on bearings which are essentially frictionless. A coil is mounted at the 
top of the pendulum so that when a coil current is present the coil is attracted towards a 
permanent magnet, producing motion of the indenter towards the specimen and into the 
specimen surface. The displacement of the diamond is measured by means of a parallel 
plate capacitor, one plate of which is attached to the diamond holder; when the diamond 
moves, the capacitance changes, and this change is measured by means of a capacitance 
bridge. The main configuration of the equipment is shown in Figure 15-5. The indenter 
used in this work was a Berkovitch diamond, a three-sided pyramid, which is widely 
used for nano-indentation work because it can be machined down very accurately to a 
very sharp tip with a curvature radius of one half of a nanometre. The minimum load of 
the device was 0.1 µN with a resolution of 0.1 nm in displacement, depending on the load 
and displacement ranges used (MicroMaterials, 2001). 
215 
15 Hardness Testing 
Figure 15-5: Experimental set up of the nano-indentation tests 
The deformation of material involves elastic and plastic transformation, when the nano- 
indenter is applied on the surface. When the load is removed, the elastic transformation 
of the material resumes and the true indentation depth and displacement is then measured. 
The Berkovitch indenter has a ratio of width and indentation depth of 7: 1. The elastic 
modulus and hardness of the material can then be calculated. The process is fully 
automatic and has capability to determine the mechanical properties and surface 
characteristics by recording continuously the penetration depth and the applied load 
during a complete cycle of loading and unloading. An indentation mark in H10 tool steel 
is shown in Figure 15-6. 
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Figure 15-6: Micrograph of a 200 mN indentation in fused H 10 sample 
To characterise the mechanical properties, the hardness and elastic modulus of samples 
of H10 tool steel and different graded compositions were measured. Due to slightly 
different height of the samples, three series of 45 to 50 indentations with the maximum 
load of 200 mN were performed across the whole cross-section of each sample. The 
distance between two indentations was kept constant at 80 µm. The dwell time of each 
indentation was 30 seconds. All samples were polished through the normal procedure 
and finished with fine diamond paste of I µm. The hardness and elastic modulus were 
evaluated by the Oliver and Pharr method (Oliver and Pharr, 1992), in which the 
hardness is determined by measuring the peak load divided by the projected area of 
impression. The elastic modulus was calculated by the reciprocal of the unloading slope 
(i. e. the compliance) and the estimated plastic depth from the loading-unloading curve. 
Figure 15-7(a) shows the profile of a 5-layer structure of H10. The hardness decreased 
from the top surface to the bottom layer. The H13 substrate had a much lower hardness, 
as seen in the microhardness testing in Figure 15-4. It can be seen that the hardness fell 
slightly in the regions of overlapping layers. The results were comparable to the values in 
microhardness testing after converting the units. The uniformly distributed hardness 
profile also indicated the integrity and homogeneity of the microstructures in the fused 
H10 sample. 
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The hardness profile of an FGM of 80H10-20WC is shown in Figure 15-7(b). The 
samples was a 6-layered structure and the compositions changed every two layers with 
an increment of 10%WC. Though the measurements generally had a trend of a 
decreasing hardness from top surface to bottom, an evident discrepancy existed 
especially in the compositional range of 80H10 -20WC. Similar results were observed in 
the FGM of five incremental changes in composition, as seen in Figure 15-7(c). In cases 
of both FGM samples, the top surfaces possessed a high hardness, about 9.4 GPa, and 
this exceeded the attainable value of a sample of H 10 (around 8.8 GPa). The accuracy of 
the measurements could be cross-checked by referring the measured hardness of the 
substrate to each other and to the measurement done by the microhardness testing. The 
results were comparable (200 HK=200 kgf/mm2 .- 2000 MPa). 
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The cause of the more varied hardness in the FGM samples is still not certain. The 
complicated microstructures in the regions of mixed phase could be one of the reasons. It 
was shown in previous Sections 14.2 and 14.3 that there was some WC dissolved into the 
matrix and larger WC particles remained embedded. During the repeated thermal cycle, 
temperature changes might increase the dissolution of WC, especially in the regions of 
overlapped layers. As a consequence of less precipitated carbides, the material would 
become softer in the corresponding areas. 
The elastic modulus of the H10 sample remained at 200-220 GPa in Figure 15-8(a) and is 
comparable to the literature value of 210 GPa. For the FGM samples, the profiles of the 
elastic modulus decreased slightly with increasing content of WC, as seen in Figure 
15-8(b) and (c). 
Since the indentation depth was about 1 µm or even less at the edges of an indentation, 
the surface finish of the sample was very important. The way in which the samples were 
prepared could also affect the results. Within such nano- and microscale, the effects of 
surface hardening during the polishing could not be ignored. 
Compared to the nano-indentation testing, normal hardness testing and even 
microhardness testing could not detect such small variations and only gave an averaged 
value. All these different hardness results gave the materials' characteristics at different 
levels and should be seen as complementary to each other. 
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15.5 Summary 
Several hardness tests were performed on samples of H10 and FGMs. For Vickers 
hardness testing, H10 had an average Vickers hardness number around 590 HV (around 
54-55 HRC) and 80wt%H10-20wt%WC around 630 HV (around HRC 57). 
In the microhardness testing, both H10 and the FGM samples showed similar 
microhardness profiles. The main difference was the microhardness in the top layer. H10 
had a Knoop hardness number 751 HK (around 61 HRC), whereas 80wt%H10- 
20wt%WC had a microhardness value of 856 HK (around 65 HRC). Both samples 
showed hardness values around 690 HK in the intermediate layers. 
In the nano-indentation testing, the top surface of FGM showed a hardness value of 
9.4 GPa, whereas the hardness of the H10 sample was 8.8GPa. In general, the hardness 
decreased gradually from the top surface to bottom. The elastic modulus of H10 
remained relatively constant throughout different layers and was comparable to the 
literature value of 210 GPa. However, the elastic modulus decreased slightly with 
increasing content of WC, in the cases of FGMs. 
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Fusion 
The Laser Powder Fusion process was developed by modifying a commercially available 
machine for laser material processing. A few specific issues which relate to the Laser 
Powder Fusion that could not be categorised in the previous sections are discussed here. 
16.1 Processing Time 
In the current Laser Powder Fusion process, powder was layered manually in designed 
stacking frames to form a single layer or a mini powder bed. A programme of the desired 
scanning pattern was loaded into the CNC system and the laser processing parameters 
were then specified and recorded for further reference. 
Once the preparation work was complete, the laser beam was turned on for scanning the 
specified cross-section or pattern. The laser shutter was triggered to block the beam until 
the next scan was ready, i. e. the laser was temporarily "OFF" while the X/Y table was 
moving to the next programmed position. These steps were performed alternately. The 
scanned object and powder bed were left for cooling to minimise distortion due to excess 
thermal stresses and the possible burns from manual handling of the powder. The time 
required to complete all these steps within a processing cycle in producing each layer of 
a cube was estimated, as shown in Table 16-1. 
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Processing step Time (min) 
Layering and levelling powder 2.5 
Operating Software and recording parameters 1 
Processing-Laser on (table speed 200 mm/min) 0.5 
Processing-Laser off (table speed 1000 mm/min) 0.1 
Cooling 1.5 
Total processing time for a single cycle 5.6 
Table 16-1: Time required for each processing step for producing aI Ox 1 Ox 10 mm 
cube with the refill scanning pattern 
It is evident from Figure 16-1 that manual layering and levelling of powder took nearly 
half of the processing time of each cycle. The "real" processing time depends on the scan 
strategy and the volume of the built parts. Though the processing time was not a prime 
concern in the current study, one could see the potential of time-saving, when the whole 
process can operate fully automatically and with an online control system. The time for 
powder deposition can be evidently reduced by implementing a dosing mechanism. 
Processing time for a single cycle 
total time 5.6 min 
Layering and 
leveling 
powder 
44% 
Cooli 
27°A 
Operating 
Software and 
recording 
parameters 
18% 
Figure 16-1: Pie chart of the processing time in percentage for single layer 
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The step of operating software can also be improved by incorporating governing software 
(e. g. HP VEETM or LabViewTM, or any other self-written programming language). If the 
existing CNC operating system can be upgraded to WINDOWS-based, data recording 
and transferring steps among different computers will be easier realised, e. g. 
incorporating with a CAD package. The cooling time after each cycle was left 
approximately for one to two minutes. If a temperature monitoring system can be added, 
e. g. an infrared thermo-camera for acquiring the surface temperature or thermocouples to 
monitor the temperatures in the powder bed or substrate, the cooling time can be 
maintained at a minimum level. This will also improve and assure the resultant fusion 
quality (Hofmeister et al., 1999). 
16.2 Spatter and Plasma 
Though shielding gas was applied through the nozzle in the process, spatter was still 
prevalent, as seen in Figure 16-2(a). When depositing new powder manually, spatter can 
be intentionally brushed aside or avoided so that "clean" powder can cover most of the 
building area. However, this may not be possible when the process is incorporated with 
some mechanical powder delivery mechanism. It is uncertain how much the bonding 
between layers and material properties of the final part will be affected by the inclusion 
of spatter. Moreover, spatter was also likely to accumulate at the nozzle tip, as seen in 
Figure 16-2(b). This build-up of spatter at the nozzle tip considerably raises the 
temperature of the whole nozzle/lens mount, which is only gas-cooled and can affect the 
stability of the lens. It can also obstruct the gas flow and worsen the shielding effect. 
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Figure 16-2: (a) scattered spatter around the building area; (b) build-up of spatter at 
the nozzle aperture 
Plume and plasma occurred during the processing of powders, as shown in Figure 16-3. 
Plume is the result of the ejection of material from the area of the melt and is due to laser 
heating. Plasma is a mixture of ionised gas and metal vapour and it absorbs the laser 
energy and reduces the efficiency of energy coupling between laser and material. Plasma 
also creates a recoil pressure which affects the levelling of the powder bed adversely 
(Morgan et al., 2001 c). Plasmas are also a potential source of defects such as lack of 
penetration, porosity and compositional changes (Duley, 1998). The formation of the 
plasma can be inhibited to some extent by providing an excess of an inert gas such as He, 
but it mainly arises through ionisation of the metal atoms. Due to the presence of the 
powder bed, it was not possible to apply higher gas flow to blow plasma away, as 
practiced e. g. in laser cutting and welding. Since the location of the plasma is time and 
laser intensity dependent, the ultimate control of plasma involves monitoring the time 
history of heat input to the workpiece. Several control system have been developed by 
applying photodiodes or CCD camera with a sophisticated signal processing system 
(Kinsman and Duley, 1993; Otto et al., 1996; Duley, 1998). 
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Figure 16-3: Plasma during processing 
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17.1 Conclusions 
The Laser Powder Fusion in processing H10 tool steel powder and Functionally Graded 
Materials (FGM) of H10 and WC was successfully demonstrated. A 550 W Nd: YAG 
pulsed laser was used. The fusion of H 10 tool steel powder with an average particle size 
of 138.95 pm was first investigated. Several conclusions can be drawn: 
1. Optimal processing parameters were obtained through a systematic approach. They 
consisted of the pulse width of 5 ms, pulse energy of 10 J, repetition rate of 10 Hz 
and table speed of 200 mm/min. 
2. The required specific energy density to fuse H 10 tool steel powder was pulse width 
dependent and it varied from 30 J/min2 to 55 J/mm2. For the pulse width of 5 ms, the 
minimum specific energy density was about 35 J/mm2. 
3. A new scanning strategy was designed. It consisted of scans with double scan 
spacing and refilling powder in between. This refill scanning pattern has reduced the 
occurrence of porosity. Scan spacings of 0.5 and 0.6 mm offered sufficient 
overlapping. Thickness of each powder layer was maintained at 0.4 mm. The 
arrangement ensured a sufficient bonding between successive scans and layers and 
also reduced possible porosity. 
4. It was also concluded that varied processing parameters in building the second layer 
did not improve the quality of fused layers. Therefore, the parameters for creating 
multi-layered structures were remained unchanged throughout the whole build-up 
process. 
5. Several multi-layered structures of H10 tool steel were produced with porosity less 
than I%. 
In the work of FGM, the WC powder had an average particle size of 27.15 µm and the 
size ratio of H10 to WC was selected to be 5: 1. This increased the apparent density of the 
powder mixture (80wt%H10-20wt%WC) to 0.64, which agreed well with the theoretical 
calculation based on the bimodal model. The fabrication of FGMs of H10 and WC was 
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carried out based on the findings from the investigation in fusing H10 tool steel powder. 
Microstructural analyses and a variety of hardness testing on fused specimens of both 
H10 and FGMs were conducted to characterise the materials. Some conclusions could 
also be addressed: 
1. FGMs of two different linear compositional profiles were produced. One was with 
an incremental increase of WC in IOwt% and the other was with an increase of WC 
in 5wt%. Both could achieve structures of high relative densities with porosity of 
less than 4.5%. 
2. Tungsten was found dissolved in the matrix during the Laser Powder Fusion; 
however, the H10 tool steel was not found in WC. This indicated a favourable 
powder densification in the liquid phase sintering. 
3. In the microstructural analysis of H10, granular structure was observed prevalently 
due to rapid solidification. The microstructures of FGMs mainly consisted of 
tungsten-enriched primary phase and the interdendritic phase. For the undissolved 
WC particles, good wetting between WC and the H10 matrix was observed 
4. Hardness testing was conducted both on H 10 and FGM specimens. The 
microhardness in top layer of H10 was measured 751 HK, while the intermediate 
layers had 690 HK in average. The microhardness in the top layer of FGM 
(80wt%H 10-20wt%WC) was measured 856 HK. The intermediate and bottom of the 
FGM had a similar hardness around 690 HK. This was due to the tempering effect 
from the thermal cycles in the build-up process. 
5. Nano-indentation tests were also conducted on samples of H10 and FGM. The 
hardness profiles generally showed a decreasing hardness value from the top surface. 
The maximum hardness of both FGMs was measured at 9.4 GPa, while the hardness 
of the top surface of the H10 sample was about 8.8 GPa. The elastic modulus of H10 
remained relatively constant throughout different layers and was comparable to the 
literature value of 210 GPa. However, the elastic modulus decreased slightly with 
increasing content of WC, in the cases of FGMs. 
The capability of the Laser Powder Fusion process in producing dense structures of H 10 
and FGMs was investigated. This process combines the advantages of layered 
manufacturing and requires no infiltration, secondary sintering or HIPping. It can be used 
to create metallic parts or tooling preforms or applied in the high performance tools. 
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17.2 Summary 
The existing Rapid Prototyping and Rapid Tooling processes cannot provide a functional 
metal part or the tools obtained do not have sufficient mechanical strength to fulfil the 
production requirements in practice. Such a problem mainly results from the partially 
sintered, instead of the fully melted, structure. Though infiltration or secondary sintering 
may reduce the porosity present in the desired part or tools, these intermediate steps 
increase the lead time and cost during a product development process. Moreover, the 
resultant part or tools are still unable to compete with conventionally (or even high speed) 
machined items in terms of performance and service life. 
An answer to this problem is to melt or fuse the raw material completely and form a new 
dense solid structure. Functionally graded material (FGM) is a class of materials which 
combine the advantages of its constituent materials in one, while the problems caused by 
mismatch of properties of individual constituents are minimised. In this work, the Laser 
Powder Fusion process was successfully demonstrated, in which a pulsed laser was used 
in layer-manufacturing parts of H10 tool steel and its FGM with nearly full density. The 
combination of the concept of layered manufacturing, laser material processing and FGM 
gives the process several unique advantages. This exploration also opens up a new 
dimension for high performance tooling and consequently Rapid Manufacturing. 
A 550 W Nd: YAG pulsed laser was used. The system was set up, tested and 
characterised. H10 tool steel is an established material in forging, extrusion, moulding 
and many other applications. Tungsten carbide (WC) was selected among various 
engineering materials to pair with H10 tool steel powder based on its superior 
combination of mechanical properties, hardness, excellent wear resistance, absorbance of 
the laser irradiation and the availability. The combination was aimed at applications for 
high wear resistance. The spherical H10 powder had an average particle size of 139µm, 
while the prismatic WC powder had an average size of 27 µm. A size ratio of H10 and 
WC about 5 to 1 was analytically decided to improve the packing density of the powder 
blend. The relative density of the powder bed increased from 0.605 (H10) and 0.54 (WC) 
to 0.64, in the case of mixing 80wt%H10 and 20wt%WC. By applying vibration, the tap 
density of the powder mixture increased to 0.72. This provided a good starting point for 
the Laser Powder Fusion process to achieve dense structures. 
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A methodology was undertaken that included analysing the fundamentals of single beads 
and then building layers of H10 tool steel. During the process, effects of various system 
parameters, including pulse width, pulse energy, feed rate, repetition rate and focal 
position (i. e. beam spot diameter) of the laser beam were investigated. An operating 
window was derived to enable an increase in reliability of fusion results. The fused beads 
were evaluated by the contact angle, variance of bead width, surface features and bead 
height in order to find optimal parameters to produce uniform results. A set of parameters 
was obtained as a standard for subsequent experiments. A scanning strategy, including 
scan spacing and scanning patterns, was developed by comparing the effects of these 
variables. In the process of building multi-layered structures of H 10, porosity occurred. 
The causes of porosity and the countermeasures were discussed. Porosity was reduced, if 
not completely eliminated, by modifying the scanning pattern and layer thickness. 
Cubes of H10 with relative density over 99% were produced without preheating. A 
complete list of optimised parameters is tabulated as follows: 
Pulse Pulse Pulse Repetition Average Feed Focal Scan Scanning Layer 
width height energy rate power rate position spacing Pattern thickness 
5 ms 32 % 10 J 10 Hz 100 W 200 Focused 0.5- Refill 400 µm 
mm/min beam 0.6 mm 
Functionally graded materials (FGM) of H10-WC with different compositions were 
fabricated to enhance the hardness of H10. Techniques, such as Scanning Electron 
Microscope (SEM) and Energy Dispersive X-ray (EDX), Wavelength Dispersive X-ray 
(WDX) and X-ray Diffraction (XRD) were applied to examine the microstructures and 
compositions of the samples' cross-sections. Small WC particles were melted in the H10 
matrix and formed new alloy phases of interdendritic structures. This is beneficial in 
terms of material properties due to eliminating the possible weak points at the particle- 
matrix boundary. The diffusion of W into H10 matrix was also a positive sign regarding 
the powder densification in the liquid phase sintering. The porosity of fused H 10 and 
FGM samples was estimated by the Image Analysis method. Fused H10 cubes achieved 
more than 99% dense, while the FGM specimens showed slightly higher porosity. 
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Microhardness and nano-indentation testing were conducted to obtain profiles of 
hardness and elastic modulus along the compositional change and characterise different 
microstructures present in the cross-sections. A surface layer of an FGM containing 
80wt%H10-20wt%WC exhibited a Knoop hardness number of 856 HK (equivalent to 
65 HRC), whereas the microhardness in the top layer of H 10 samples was about 751 HK 
(equivalent to 61 HRC). The intermediate or bottom layers of both H 10 and FGMs had 
an average value of 690 HK. Hardness results from nano-indentation testing showed 
comparable values. Hardness generally decreased gradually from the top surface to 
bottom. Thermal cycles in building layers resulted in a similar effect to tempering and 
reduced the hardness in the overlapped regions. 
In conclusion, nearly dense structures of H10 and the Functionally Graded Materials of 
H10 and WC were successfully produced by the Laser Powder Fusion process. The 
findings could then be useful in many manufacturing and wear resistance applications in 
the future. 
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Work 
for Future 
Due to the scope of this work, limited time and availability of equipment, there were a 
few issues which were not studied. To continuously develop the Laser Powder Fusion 
process, potential issues are identified and prioritised for the future work. 
1. Layer thickness control 
A motor-driven and computer controlled powder bed with the ability to move the 
substrate in the Z-direction can be implemented on the system. This would improve the 
accuracy and reliability of the layer thickness of pre-layered powder. It has been shown 
in this work that a precisely controlled layer thickness can reduce the occurrence of 
porosity. Also an incorporated vibratory mechanism may improve the packing density of 
the powder bed. 
2. Effects of compositional profiles in FGM 
Different compositional profiles, instead of a linear one, in FGMs of WC and H 10 tool 
steel could be investigated. Experiments on higher WC contents than wt2O% of the 
powder mixture could also be carried out. Different compositional profiles may have 
different effect in relaxation the thermal stresses and result in different mechanical 
properties. 
3. More mechanical testing 
Mechanical tests like tensile and compression tests could provide results to compare with 
many other materials produced by other processing routes. Wear tests of the FGM could 
give direct evidence to apply these materials in relevant applications. 
The material's performance can be then linked with its microstructures and process 
parameters. A better understanding of the process will be achieved and it also enables 
one to design materials of superior properties with precise control. 
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4. Measurements of temperature 
Real-time temperature measurement would offer a direct link between the processing 
parameters and the resultant microstructures. However, the thermal behaviour of the 
process was not monitored because there was no suitable equipment available at the time 
of writing (e. g. infrared thermal imaging system). Thermocouples were not suitable for 
this purpose due to processing temperatures exceeding the measurement range. 
5. Residual thermal stresses and heat treatment 
The residual thermal stresses could be measured by a strain gauge. A study on the heat 
treatment of parts produced by the laser fusion process would be useful in practice. The 
mechanical properties of steel products mainly depend on the heat treatment process, 
which has not been studied due to the time and scope of this research. The effects of 
thermal cycles during the laser fusion processing need further investigations. Although 
the repetitive layered fabrication by laser gives the material certain amount of tempering 
effect, whether a heat treatment is still needed requires more investigation. 
6. Effect of surface oxidation 
Though shielding gas was applied in all experiments, the influence of oxygen on the 
material's properties and processing has been a concern, especially its effect at the 
overlap of beads. However, the detection of the presence of oxygen requires special 
equipment, e. g. Auger electron spectroscopy (AES) or X-ray induced photoelectron 
spectroscopy (XPS) and expertises in interpretation. An investigation in this respect has 
not been seen in the literature and may offer insights into the surface characteristics of 
materials produced by the Laser Powder Fusion process. 
7. Preheating of powder bed 
The effects of preheating the powder have been stressed in a few reports to eliminate 
porosity and thermal stresses. Unfortunately, this issue could not be investigated due to 
the possible hazards during manual handling of powder layering and levelling. If the 
degree of the automation of the process can be improved, this feature could reduce the 
cooling effect to avoid brittle fracture in materials. Alternatively, composing a different 
pulse shape rather than simple square one may be able to achieve similar effects to 
preheating. 
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S. Automatic powder delivery system 
Manual powder layering and levelling the powder bed has been carried out so far. A new 
powder delivery system would not only reduce the possibility of powder being 
contaminated by spatter, but also give more flexibility in processing FGM or various 
combinations of materials. 
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Appendix 
Analytical Model of One Dimensional Heat Flow for a semi-infinite body, 
no heat convection and generation involved 
Nd: YAG Pulsed laser for Powder Fusion; model based on W. Steen's 
book "Laser Material Processing" p. 195 (Solution from Carslow and 
Jaeger) 
2 
erf(x) :=2eZ dz JI-E 
ierfc(x) ._I "e 
'ý 
- x. (i - erf(x)) 
Vn 
Material properties of tool steel, Melting point 1410 C 
X := 40 Thermal conductivity in W/mK 
p 8000 Density in kg/mA3 
cp := 450 Specific heat capacity J/kg 
k=I. itix io-5 
p "cp 
rf :=0.6 Reflectivity of material to the Nd: YAG laser radiation 
Ab :=1- rf Absorptivity 
rL :=0.5.10- 3 Laser beam radius in m 
System Parameters 
poise := 500 Peak power of pulsed laser in W, 10J of 20ms pulse length 
amp. = it rL2 
Cross section of laser beam in m2 
" 
Ab 
Io := poise. 
amp 
Laser intensity in W/m 2 
freq: = 10 Pulse frequency in Hz 
tinteract= 2" 
rL Interaction time, defined as laser beam diameter divided by - 
V processing velocity; in s 
V := 
200.1 3 Scanning velocity; m/s 
60 
tinteract: = 2" 
rL 
- tinteract= 0.3 
V 
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To: = o 
ton :=0.02 
toff :=1 -tor fre 
Pulse width of 20ms 
T(z, ton) := 2" 
Iý 
" ton"ierf + To k2 "ton 
t 
._ freq 
Tc(z, t) :=2 
Io 
- lc t ierf 
z- (t --ton) "ierf 
z+ To 
22 k"(t-ton) 
Z :=0,5.10 1.. 0.001 
T(z, t) 
4000 
3000 
T(z, ton ) 
Tc(z, 2000 freq 
c ..... 
V 
1000 
toff = 0.08 
t=o. 1 
1400 1 
750 1 
. ............... "----- -- . ý`-- .-- -----i 
o" 
0 2"10 
4 4.10 4 6.10 4 8.10 
Z 
Distance to surface in m 
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t :=0.02,0.022.. 0.1 
Cooling curve Tc(z, t) 
4000 
3000 
Tc(o, t) 
y Tc(0.0005, t)2000 
E 
aý H 
1 :=L. 50 
t-: =0.002.1 
1000 
oý 0 0.02 0.04 0.06 0.08 
t 
Cooling time in sec. 
z :=0.0005 
Tc; := 2" 
lo. 
v ierf 
z- 
c" t; -ton "ierf 
z+ To 
2"F-ti 2 it - ton 
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Appendix B Reports of Particle Size Analysis 
Result: Analysis Table Key: 
ID: Sample 1- Steel Run No: 3 Measured: 11/12/01 2: 24PM 
File: CGMRK Rec. No: 60 Analysed: 11/12/01 2: 24PM 
Path: C: \PROGRA-1\SIZER\DATA\ Source: Analysed 
Range: 300RF mm Beam: 2.40 mrrßampler. MS1 Obs': 21.0 %8 
presenmdon: 30HD Analysis: Polydisperse Residual: 0.467 % 
Modifications: None 
6 Conc. = 0.2801 %Vol Density = 1.000 g/cm"3 S. S. A. = 0.0678 mA2Jg 
10 
37 Distribution: Volume D[4,3) = 
142.83 um D(3,2) = 88.55 um 4 
D(v, 0.1) = 83.51 um D(v. 0.5) - 138.95 um D(v, 0.9) = 212.91 um 2 
5 Span = 9.313E-01 Uniformity = 2.977E-01 9 
um) Under% (um) Under% (um) Under% (um) Under% 
0.05 0.00 0.67 0.00 9.00 1.18 120.67 35.79 
0.06 0.00 0.78 0.00 10.48 1.34 140.58 51.25 
0.07 0.00 0.91 0.00 12.21 1.50 163.77 68.08 
0.08 0.00 1.06 0.00 14.22 1.65 190-80,82.41 
0.09 0.00 1.24 0.01 16.57 1.78 222.281 92.40 
0.11 0.00 1.44 0.03 19.31 1.88 258.95 98.26 
0.13 0.00 1.68 0.06 22.49 1.94 301.681 100.00 
15 ; 0 0.00 1.95 0.09 26.20 1.98 351.46 100.00 . 
0.17 0.00 2.28 0.13 30.53 2.00 409.45' 100.00 
0.20 0.00 2.65 0.20 35.56 2.03 477.01 j 100.00 
23 0 0.00 3.09 0.28 41.43 2.10 555.71 100.00 . 
0.27 0.00 3.60 0.38 48.27 2.30 647.41 ! 100.00 
ý 
31 0 0.00 4.19 1 0.50 56.23 2.79 754.231 100.00 
. 
0.38 0.00 4.88 0.63 65.51 4.01 878.671 100.00 
0.42 0.00 5.69 0.76 76.32 6.91 
0.49 0.00 6.63 0.90 88.91 12.88 
0.58 0.00 7.72 1.03 103.58 22.66 L __ __ 
1. The "residual" indicates how well 
the analysis data fits the 
measurement data. A residual of 
under 1% indicates a good fit. 
2. Percentile readings: 
D(v, 0.5) is the size of particle at 
which 50% of the sample is 
smaller and 50% is larger. 
D(v, 0.1) is the size of particle for 
which 10% of the sample is 
below. 
D(v, 0.9) is the size of particle for 
which 90% of the sample is 
below. 
3. D(4,3) gives the volume mean 
diameter 
4. D(3,2) gives the surface area 
mean diameter ("Sauter" mean). 
5. Span is the width of the 
distribution. 
6. Concentration is the volume 
concentration. 
7. Distribution is the type of analysis 
used, i. e. volume. 
8. Obscuration: helps set the 
concentration of the sample in the 
dispersant. An ideal range is 
between 10% and 30%. 
9. Uniformity: measures the 
absolute deviation from the 
median. 
10. SSA (Specific Surface Area) is 
the total area of the particles 
divided by the total weight. 
Table B-1: Particle size measurement of H 10 tool steel 
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Result: Analysis Table 
ID: WC(Tungsten Carbide)Run No: 2 Measured: 11/7/01 2: 52PM 
File: CGMRK Rec. No: 55 Analysed: 11/7/01 2: 52PM 
Path: C: \PROGRA-1\SIZER\DATA\ Source: Analysed 
Range: 300RF mm Beam: 2.40 mrt$ampler: MS1 Obs': 24.8 % 
Presentation: 30HD Analysis: Polydisperse Residual: 1.380 % 
Modifications: None 
Conc. = 0.0798 %Vol Density = 1.000 g/cmA3 S. S. A. = 0.2866 m"2/g ý 
Distribution: Volume D[4,3] = 29.23 um D[3,21 = 20.94 um 
D(v, 0.1) = 12.10 um D(v, 0.5) = 27.15 um D(v, 0.9) = 49.67 um 
Span = 1.384E+00 Uniformity = 4.292E-01 
(um) 
0.05 
0.06 
0.07 
0.08 
0.09 
0.11 
0.13 
0.15 
0.17 
0.20 
0.23 
0.27 
0.31 
0.36 
0.42 
0.49 
0.58 
Table B-2: Partic] 
Under% (um) Under% i (um) Under% 
0.00 0.67 0.00 9.00 4.50 
0.00 0.78 0.00 10.48 6.85 
0.00 0.91 0.02 12.21 10.22 
0.00 1.06 0.04 14.22 14.84 
0.00 1.24 0.06 16.57 20.89 
0.00 1.44 0.09 19.31 28.44 
0.00 1.68 0.12 22.49 37.41 
0.00 1.95 0.15 26.20 47.52 
0.00 2.28 0.19 30.531 58.43 
0.00 2.65 0.25 35.56 1 69.83 
0.00 3.09 0.32 41.43 1 80.20 
0.00 3.80 0.42 48.271 88.67 
0.00 4.19 0.58 56.23 94.77 
0.00 4.88 0.83 65.51 98.461 
0.00 5.69 1.23 76.32 100.00 
0.00 6.63 1.89 88.91 100.00 1 
0.00 7.72 i 2.92 1 103.58 1100.00 , 
e size measurement of WC 
(um) Under% 
120.67 100.00 
140.58 1100.00 
163.77 j 100.00 
190.80 ' 100.00 
222.28 100.00 
258.95 100.00 
301.68 100.00 
351.46 100.00 
409.45 100.00 
477.01 100.00 
555.71 100.00 
647.41 100.00 
754.23 100.00 
878.671 100.00 
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Appendix C Initial Fusion Results 
The following table contained the processing parameters in the initial tri als on the single 
beads. These experimental results are sorted with increasing pulse width and specific 
energy density. They were categorised into "not bonded (N)", "broken bead (B)" and 
"bonded (Y)", as seen in the column - "comment". The unsuccessful "not bonded" 
results are listed first and followed by "bonded" results. 
Pulse Pulse Repetition Average Feed Specific 
No. width, energy , rate, power, Rate. Comment Remarks energy 
ms i Hz W T/min density, 
J/mm2 
200301-4 0.5 1.0 4 10 1 0 400 N 
26 070301 0 5 0 85 30 2 - . . 5 800 N 
0301 3 0 5 04 1 10 1 0 - 20 . . 300 N 
200301-16 0.5 1.01 20 2 0 400 N 
200301-2 0.5 1.04 10 10 200 N 
M 
3.8 
050301-1 0.5 1.08 10 10 200 N 
070301-27 0.5 0.87 30 26 400 N 
200301-15 0.5 1.01 20 20 300 N 
200301-20 0.5 1.03 30 30 400 N 
. 200301-8 0.5 3.04 10 30 400 N 5.6 
070301-18 0.5 1.03 60 62 800 N 5.8 
120301-1 0.5 1.01 10 10 100 N 7.5 
200301-14 0.5 1.01 20 20 200 N 7 5 
120301-13 0.5 1.02 10 10 100 N . 
24 0301 0 5 1 02 40 40 
7.5 
. . - 20 400 N 
51 03 19 0 200301 30 30 
7.5 
. . - 300 N 
200301-1 0.5 1.04 10 10 100 N 
7.5 
190301-1 0.5 1.08 10 10 100 N 
7.5 
200301-7 0.5 3.04 10 30 300 N 
7.5 
7.5 
200301-12 0.5 4.15 10 41 400 N 
070301-25 0.5 2.82 30 84 800 N 
7.7 
200301-23 0.5 1.02 40 40 300 N 
7.9 
200301-11 0.5 4.15 10 41 300 N 
10.0 
200301-18 0.5 1.03 30 30 200 N 
10.3 
190301-17 0.5 1.04 151 15 100 N bul e start 
11.3 
11.3 
200301-28 0.5 3.03 20 60 400 N --uttered oxides 11 3 
200301-6 0.5 3.04 10 30 200 N . 
070301-19 0.5 1.03 60 62 400 N 
11.3 
200301-13 0.5 1.01 20 20 100 N 
11.6 
200301-22 0.5 1.02 40 40 200 N 
15.0 
190301-18 0.5 1.04 20 20 100 N 
15.0 
200301-27 0.5 3.03 20 60 300 N 
15.0 
200301-10 0.5 4.15 10 41 200 N 
15.0 
070301-17 0.5 2.96 60 180 800 N 
15.4 
200301-32 0.5 3.03 30 91 400 N 
16.9 
17.1 
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No. 
Pulse 
width, 
ms 
Pulse 
energy, 
J 
Repetition 
rate, 
Hz 
Average 
power, 
W 
Feed 
Rate, 
qmm 
Comment Remarks 
Specific 
energy 
density, 
J/mm2 
190301-19 0.5 1.07 2 52 6 100 N 19.5 
190301-20 0.5 1.02 3 03 0 100 N 22.5 
200301-17 0. 5 1.03 30 3 0 100 N 22.5 
190301-13 0. 5 3.02 10 30 100 N sputtered surface 22.5 
200301-26 0. 5 3.03 20 60 200 
, 
N sputtered surface 22.5 
190301-21 0. 5 0.98 35 34 100 N 25.5 
200301-21 0. 5 1.02 40 40 100 N 30.0 
190301-5 0.5 4.04 10 40 100 N sputtered surface 30.0 
190301-22 0.5 1.03 40 41 100 N 30.8 
190301-23 0.5 1.03 45 46 100 N 34.5 
190301-9 0.5 5.03 10 50 100 N s uttered surface 37.5 
200301-36 1 1.03 10 10 400 N/B 1.9 
200301-35 1 1.03 10 10 300 NB 2.5 
200301-48 1 1.02 20 20 400 N 3.8 
200301-34 1 1.03 10 10 200 NB 3.8 
200301-47 1 1.02 20 20 300 N 5.0 
200301-40 1 3.03 10 30 400 IN 5.6 
200301-46 1 1.02 20 20 200 N 7.5 
200301-33 1 1.03 10 10 100 N 7.5 
120301-5 1 1.08 10 10 100 N 7.5 
120301-17 1 1.08 10 10 100 N 7.5 
190301-2 1 1.08 10 10 100 IN 7.5 
200301-39 1 3.03 10 30 300 N 7.5 
200301-44 1 4 10 40 400 N 7.5 
050301-8 1 1.02 40 41 400 N 7.7 
200301-43 1 4 10 40 300 IN 10.0 
200301-38 1 3.03 10 30 200 IN 11.3 
230401-49 1 4.97 20 99 600 N 12.4 
200301-45 1 1.02 20 20 100 N 15.0 
200301-42 1 4 10 40 200 N 15.0 
230401-48 1 4.97 20 99 400 B 18.6 
190301-6 1 4.06 10 40 100 N sputtered surface 30.0 
190301-10 1 5.1 10 51 100 N sputtered surface 38.3 
050301-6 2 1 20 20 300 I N 5.0 
120301-9 2 1 10 10 100 N 7.5 
120301-21 2 1.01 10 10 100 N 7.5 
050301-9 2 4.03 10 40 400 N 7.5 
190301-3 2 1.15 10 11 100 N 8.3 
230401-46 2 5.1 20 101 600 I N 12.6 
230401-45 2 5.1 20 101 400 N 18.9 
240401-27 2 4.98 30 149 500 B 22.4 
240401-9 2 5.02 50 250 800 N 23.4 
230401-27 2 10 40 400 1200 N/B 25.0 
160201-1 2 10.4 10 104 300 NB 26.0 
120301-22 2 3.97 10 39 100 I N 29.3 
050301-14 2 4.04 40 162 400 N 30.4 
160201-2 2 15.4 10 153 300 Ns uttered surface 38.3 
40401-54 2 19.9 10 199 300 N 49.8 
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No. 
Pulse 
width, 
ms 
Pulse 
energy, 
J 
Repetition 
rate, 
Hz 
Average 
power, 
W 
Feed 
Rate, 
mm/min 
Comment Remarks 
Specific 
energy 
density, 
J/mm2 
190301-4 5 1.03 10 1 0 100 N 7.5 
230301-11 5 2.54 20 50 400 N/B 9.4 
210301-9 5 4.96 10 50 400 N 9.4 
230301-1 5 10.3 5 51 400 N 9.6 
220301-17 5 4.95 30 149 1000 N 11.2 
210301-5 5 5 10 50 300 N 12.5 
250401-6 5 5.17 10 51 300 N/B 12.8 
230401-43 5 5.25 20 104 600 N/B 13.0 
230301-12 5 2.42 30 72 400 N 13.5 
170101-3 5 7.57 10 75 400 N 14.1 
230301-7 5 15.2 5 76 400 N 14.3 
220301-16 5 4.96 40 198 1000 B 14.9 
220301-18 5 5.16 25 130 600 N 16.3 
210301-1 5 4.9 10 49 200 N 18.4 
210301-10 5 4.94 20 98 400 N 18.4 
230301-13 5 2.5 40 100 400 N 18.8 
220301-19 5 5 30 150 600 B 18.8 
220301-15 5 5.03 50 252 1000 B 18.9 
230301-2 5 10.1 10 101 400 B 18.9 
230401-42 5 5.25 20 104 400 N/B 19.5 
220301-14 5 4.71 60 282 1000 B 21.2 
240401-24 5 5.03 30 154 500 N 23.1 
240401-6 5 5.1 50 255 800, 23.9 
160201-3 5 10 10 99 300 N 24.8 
220301-20 5 5 40 200 600 N 25.0 
230301-14 5 2.64 50 134 400 N 25.1 
230401-9 5 10.2 20 204 600 N/B 25.5 
230401-24 5 10.2 40 413 1200 NB 25.8 
220301-13 5 5.02 70 351 1000 B 26.3 
210301-11 5 4.97 30 150 400 B 28.1 
230301-19 5 5.01 30 150 4001 B 28.1 
220201-4 5 7.55 10 75 200 B 28.1 
170101-1 5 7.57 10 75 200 N 28.1 
220301-12 5 4.93 80 394 1000 B 29.6 
230301-15 5 2.78 60 168 400 N 31.5 
240401-5 5 5.1 50 255 600 N 31.9 
220301-11 5 4.82 90 433 1000 B 32.5 
240401-23 5 5.03 30 154 350 B 33.0 
140201-1 5 4.88 10 48 100 N 36.0 
200401-60 5 19.2 25 485 1000 N /B 36.4 
230301-16 5 2.5 80 200 400 N 37.5 
230301-20 5 5 40 200 400 B 37.5 
140201-1 5 5.1 10 50 100 N 37.5 
220301-10 5 5.07 100 507 1000113 38.0 
240401-54 5 5.07 80 408 800 N B 38.3 
230401-23 5 10.2 40 413 800 N B 38.7 
230401-41 5 5.25 20 104 200 N 39.0 
250401-24 5 10.4 30 311 500 N B 46.7 
230401-32 5 10 40 400 600 N 50.0 
40401-57 5 20 10 200, 300[N 50.0 
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No. 
Pulse 
width, 
ms 
Pulse 
energy, gy, 
J 
Repetition 
rate, 
Hz 
Average 
power, 
W 
Feed 
Rate, 
mm/min 
Comment Remarks 
Specific 
density, 
J/mm2 
250401-3 10 5.31 10 5 2 300 NB 13.0 
230401-40 10 5.48 20 11 0 600 NB 13.8 
070301-6 10 9.9 20 19 8 800 N/B 18.6 
140201-8 10 5.13 25 12 8 500 N 19.2 
250401-2 10 5.31 10 52 200 N 19.5 
140201-8 10 5.27 25 131 500 NB 19.7 
230401-39 10 5.48 20 110 400 N/B 20.6 
240401-21 10 4.94 30 148 500 NB 22.2 
240401-3 10 5.34 50 268 800 N/B 25.1 
50401-59 10 10.2 10 102 300 N 25.5 
230401-6 10 10.2 20 204 600 N/B 25.5 
60401-24 10 103 10 103 300 N/B 25.8 
230401-21 10 , 10.3 40 412 1200 NB 25.8 
160201-6 10 10.6 10 106 300 N 26.5 
070301-7 10 15 20 300 800 B partial fusion 28.1 
240401-51 10 3.78 80 302 800 N 28.3 
240401-20 10 , 4.94 30 148 350 N 31.7 
240401-2 10 534 50 268 600 N 33.5 
240401-50 10 3.78 80 302 600 N 37.8 
160201-7 10 15.2 10 152 300 B 38.0 
50401-58 10 15.2 10 102 200 N 38.3 
50401-24 10 15.4 10 154 300 N 38.5 
230401-20 10 10.3 40 412 800 NB 38.6 
200401-57 10 20.5 25 515 1000 N/B 38.6 
200201-25 10 10.6 10 106 200 N 39.8 
230401-38 10 5.48 20 110 200 N 41.3 
250401-21 10 9.8 30 294 500 N/B 44.1 
40401-60 10 20.1 10 200 300 N 50.0 
230401-31 10 10.2 40 408 600 N 51.0 
240401-49 10 3.78 80 302 400 N 56.6 
070301-1 15 5.58 20 111 400 N 20.8 
50401-62 15 10.3 10 103 300 N 25.8 
60401-21 15 10.4 10 104 300 B 26.0 
50401-27 15 15.4 10 153 300 N 38.3 
50401-61 15 10.3 10 103 200 N 38.6 
070301-2 15 10.8 20 214 400 N 40.1 
160201-15 15 20.4 10 204 300 B 51.0 
40401-63 15 20.8 10 205 300 N 51.3 
070301-3 15 15.5 20 311 400 B 58.3 
250401-03 20 4.76 10 47.6 300 N B 11.9 
240401-03 20 4.9 30 146 800 N /B 13.7 
230401-37 20 5.73 20 114 600 N B 14.3 
250401-02 20 4.76 1011 47.6 200 N 17.9 
240401-02 20 4.9 30 146 600, N 18.3 
230401-36 20 5.73 20 114 400 N 21.4 
240401-18 20 4.9 30 146 500 N 21.9 
140201-9 20 15.2 10 153 500 N B 23.0 
60401-18 20 9.2 10 92 300 N B 23.0 
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No. 
Pulse 
width, 
ms 
Pulse 
energy, 
i 
Repetition 
rate, 
Hz 
Average 
power, 
W 
Feed 
Rate, Comment Remarks 
mm/min 
Specific 
energy 
density, 
J/mm2 
50401-65 20 9.3 10 92 300 N 23.0 
140201-6 20 4.79 20 95 300 N 23.8 
230401-3 20 10 20 200 600 NB 25.0 
240401-01 20 4.9 30 146 400 N 27.4 
160201-9 20 11.2 10 111 300 N 27.8 
200201-3 20 11.3 10 113 300 N 28.3 
200401-30 20 20.3 10 202 500 N 30.3 
240401-17 20 4.9 30 146 350 N 31.3 
140201-6 20 6.31 20 126 300 B partial bonding 31.5 
50401-64 20 9.3 10 92 200 N 34.5 
250401-01 20 4.76 10 47.6 100 N 35.7 
020501-30 20 14.5 20 287 600 N 35.9 
50401-30 20 14.7 10 146 300 N 36.5 
200401-42 20 19.6 15 293 600 B 36.6 
50401-50 20 14.8 10 148 300 N 37.0 
200401-54 20 19.7 25 497 1000 NB 37.3 
160201-10 20 15 10 151 300 N/B 37.8 
230401-35 20 5.73 20 114 200 N 42.8 
250401-18 20 10.4 30 314 500 N 47.1 
160201-14 20 19.4 10 194 300 B 48.5 
40401-66 20 20.3 10 202 300 N 50.5 
50401-49 20 14.8 10 148 200 N 55.5 
200401-53 20 19.7 25 497 600 N/B 62.1 
230401-52 0.5 4.97 20 99 600 Y sputtered surface 12.4 
250401-15 0.5 5.02 10 50 300 Y sputtered surface 12.5 
070301-24 0.5 4.79 30 143 800 Y sputtered surface 13.4 
070301-28 0.5 2.87 30 86 400 Y sputtered surface 16.1 
070301-23 0.5 6.28 30 187 800 Y sputtered surface 17.5 
230401-51 0.5 4.97 20 99 400 Y sputtered surface 18.6 
250401-14 0.5 5.02 10 50 200 Y sputtered surface 18.8 
240401-33 0.5 4.94 30 149 500 Y sputtered surface 22.4 
200301-5 0.5 3.04 10 30 100 Y sputtered surface 22.5 
200301-31 0.5 3.03 30 91 300 Y -'sputtered surface 22.8 
240401-15 0.5 5.01 50 251 800 Y sputtered surface 23.5 
050301-7 0.5 6.6 20 132 400 Y sputtered surface 24.8 
050301-11 0.5 7.22 10 72.2 200 Y surface destroyed 27.1 
070301-29 0.5 4.95 30 148 400 Y sputtered surface 27.8 
070301-16 0.5 4.92 60 297 800 Y sputtered surface 27.8 
120301-2 0.5 4.02 10 40 100 Y sputtered surface 30.0 
120301-14 0.5 4.06 10 40 100 Y sputtered surface 30.0 
200301-9 0.5 4.15 10 41 100 Y sputtered surface 30.8 
050301.12 0.5 4.14 40 166 400 Y sputtered surface 31.1 
240401-14 0.5 5.01 50 251 600 Y sputtered surface 31.4 
240401-32 0.5 4.94 30 149 350 Y sputtered surface 31.9 
070301-20 0.5 2.98 60 180 400 Y 33.8 
200301-30 0.5 3.03 30 91 2001Y 34.1 
070301-30 0.5 6.15 30 182 400 Y sputtered surface 34.1 
070301-15 0. 6.39 60 388 800 Y sputtered surface 36.4 
120301-15 5 0.5 4.97 10 49 100 Y sputtered surface 36.8 
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No. 
Pulse 
width, 
ms 
Pulse 
energy, 
J 
Repetition 
rate, 
Hz 
Average 
power, 
W 
Feed 
Rate, 
mm/min 
Comment Remarks 
Specific 
energy 
density, 
J/mm2 
230401-50 0.5 4.97 20 99 200 Y 37.1 
240401-63 0.5 4.95 80 398 800 Y 37.3 
120301-3 0.5 4.99 10 50 100 Y sputtered surface 37.5 
250401-13 0.5 5.02 10 50 100 Y 37.5 
190301-24 0.5 1.02 50 52 100 Y sputtered surface 39.0 
050301-4 0.5 4.07 40 161 300 Y sputtered surface 40.3 
200301-25 0.5 3.03 20 60 100 Y 45.0 
240401-13 0.5 5.01 50 251 400 Y 47.1 
240401-62 0.5 4.95 80 398 600 Y 49.8 
120301-4 0.5 7.31 10 73 100 Y sputtered surface 54.8 
070301-21 0.5 4.85 60 293 400 Y sputtered surface 54.9 
120301-16 0.5 7.42 10 74 100 Y sputtered surface 55.5 
240401-31 0.5 4.94 30 149 200 Y 55.9 
200301-29 0.5 3.03 30 91 100 Y ! puttered surface 68.3 
070301-22 0.5 6.39 60 384 400 Y sputtered surface 72.0 
240401-61 0.5 4.95 80 398 400 Y sputtered surface 74.6 
250401-12 1 4.92 10 49 300 Y 12.3 
050301-5 1 6.97 10 69 300 Y s uttered surface 17.3 
250401-11 1 4.92 10 49 200 Y sputtered surface 18.4 
200301-37 3.03 10 30 100 Y 22.5 
240401-30 1 4.94 30 150 500 Y 22.5 
190301-14 1 3.11 10 31 100 Y 23.3 
240401-12 1 5.03 50 252 800 Y 23.6 
230401-15 1 9.9 20 199 600 Y sputtered surface 24.9 
230401-30 1 10.1 40 405 1200 Y sputtered surface 25.3 
200301-41 1 4 10 40 100 Y 30.0 
120301-6 1 4.02 10 40 100 Y 30.0 
120301-18 1 4.06 10 40 100 Y 30.0 
050301-13 1 4.03 40 161 400 Y 30.2 
050301-2 1 4.1 20 81 200 Y 30.4 
240401-11 1 5.03 50 252 600 Y sputtered surface 31.5 
240401-29 1 4.94 30 150 350 Y 32.1 
250401-10 1 4.92 10 49 100 Y 36.8 
230401-47 1 4.97 20 99 200 Y 37.1 
230401-14 1 9.9 20 199 400 Y sputtered surface 37.3 
120301-7 1 5.03 10 50 100 Y 37.5 
120301-19 1 5.08 10 50 1001 Y 37.5 
240401-60 1 5.03 80 403 800 Y 37.8 
230401-29 1 10.1 40 405 800 Y sputtered surface 38.0 
250401-30 1 30 297 500 Y 44.6 
240401-45 1 10 50 500 800 Y sputtered surface 46.9 
240401-10 1 5.03 50 252 400 Y 47.3 
240401-59 5.03 80 403 600 Y 50.4 
230401-34 1 10.1 40 404 600 Y 50.5 
240401-28 1 4.94 30 150 200 Y 56.3 
240401-44 1 10 50 500 600 Y 62.5 
250401-29 1 10 30 297 350 Y 63.6 
230401-13 1 9.9 20 199 200 Y 74.6 
120301-8 1 10 10 100 1001 Y 75.0 
120301-20 1 10 10 100 100 sputtered surface 75.0 
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No. 
Pulse 
width, 
ms 
Pulse 
energy, 
J 
Repetition 
rate, 
Hz 
Average 
power, 
W 
Feed 
Rate, 
mm/min 
Comment Remarks 
Specific 
energy 
density, 
J/mm2 
240401-58 1 5.03 80 403 400 Y 75.6 
230401-28 1 10.1 40 405 400 Y 75.9 
240401-43 1 10 50 500 400 Y substrate distorted 93.8 
250401-28 1 10 30 297 200 Y 111.4 
250401-9 2 4.84 10 48 300 1Y 12.0 
250401-8 2 4.84 10 48 200 Y 18.0 
190301-15 2 2.99 10 29 100 Y 21.8 
230401-12c 2 9.21 20 184 600 Y 23.0 
50401-53 2 10.1 10 101 300 sputtered surface 25.3 
60401-30 2 10.2 10 102 300 5 puttered surface 25.5 
230401-12 2 10.2 20 204 600 Y 25.5 
190101-9 2 14.3 10 142 400 sputtered surface 26.6 
120301-10 2 3.92 10 39 100 Y 29.3 
190301-7 2 4.06 10 40 100 Y 30.0 
200401-39 2 20.2 10 202 500 sputtered surface 30.3 
240401-8 2 5.02 50 250 600 Y 31.3 
240401-26 2 4.98 30 149 350 Y 31.9 
230401-12b 2 9.21 20 184 400 Y 34.5 
190101-8 2 14.3 10 142 300 Sputtered surface 35.5 
250401-7 2 4.84 10 48 100 Y 36.0 
200401-63 2 19.4 25 485 1000 Y 36.4 
190301-11 2 4.97 10 49 100 Y 36.8 
240401-57 2 4.96 80 398 800 Y 37.3 
1203=11 2 5.03 10 50 100 Y 37.5 
120301-23 2 5.03 10 50 100 Y 37.5 
230401-26 2 10 40 400 800 B 37.5 
200401-51 2 20.1 15 300 600 Y substrate distorted 37.5 
50401-38 2 15.1 10 151 300 Y sputtered surface 37.8 
230401-44 2 5.1 20 101 200 Y sputtered surface 37.9 
50401-52 2 10.1 10 101 200 Y sputtered surface 37.9 
50401-18 2 15.2 10 152 300 Y sputtered surface 38.0 
60401-29 2 10.2 10 102 200 Y sputtered surface 38.3 
230401-11 2 10.2 20 204 400 Y 38.3 
190101-6 2 14.3 20 286 500 Y 42.9 
190101-3 2 14.3 20 287 500 Y 43.1 
250401-27 2 10.1 30 303 500 B 45.5 
240401-7 2 5.02 50 250 400 Y 46.9 
240401-42 2 10 50 500 800 B 46.9 
240401-56 2 4.96 80 398 600 Y 49.8 
230401-33 2 10 40 400 600 B 50.0 
50401-3 2 19.9 10 200 300 Y sputtered surface 50.0 
200401-38 2 20.2 10 202 300 Y sputtered surface 50.5 
190101-7 2 14.3 10 142 200 Ys puttered surface 53.3 
190101-5 2 14.3 20 286 400 Y 53.6 
190101-2 2 14.3 20 287 400 Y 53.8 
190101-1 2 14.9 10 148 200 Ys puttered surface 55.5 
240401-25 2 4.98 30 149 200 Y 55.9 
020501-32 2 15.1 20 300 4001 Y 56.3 
200401-50 2 20.1 15 300 400 Ys ubstrate distorted 56.3 
50401-37 2 15.1 10 151 200 Ys puttered surface 56.6 
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Pulse 
width, 
ms 
Pulse 
energy, 
J 
Repetition 
rate, 
Hz 
Average Feed 
power, Rate, 
W mm/min 
Comment Remarks 
Specific 
energy 
density, 
J/mm2 
170101-15 2 15.1 30 454 600 Y 56.8 
50401-17 2 15.2 10 152 200 Y sputtered surface 57.0 
200401-62 2 19.4 25 485 600 Y 60.6 
40401-39 2 2A I 10 243 300 Y sputtered surface 60.8 
240401-41 2 10 50 500 600 B 62.5 
60401-15 2 25.1 10 250 300 Y sputtered surface 62.5 
250401-26 2 10.1 30 303 350 B 64.9 
170101-14 2 15.1 30 454 500 Y 68.1 
230401-12a 2 9.21 20 184 200 Y 69.0 
190201-7 2 25.1 15 375 400 Y sputtered surface 70.3 
190201-4 2 14.3 20 286 300 Y 71.5 
190201-1 2 14.3 20 287 300 Y 71.8 
240401-55 2 4.96 80 398 400 Y 74.6 
120301-12 2 10 10 100 100 Y sputtered surface 75.0 
230401-25 2 10 40 400 400 Y 75.0 
120301-24 2 10.1 10 100 100 Y 75.0 
50401-2 2 19.9 10 200 200 Y sputtered surface 75.0 
50401-51 2 10.1 10 101 100 Y sputtered surface 75.8 
60401-28 2 10.2 10 102 100 Y Is puttered surface 76.5 
230401-10 2 10.2 20 204 200 Y 76.5 
170101-13 2 15.1 30 454 400 7 85.1 
200401-67 2 19.4 25 480 400 Y 90.0 
40401-38 2 24.3 10 243 200 1Y sputtered surface 91.1 
240401-40 2 10 50 500 400 B 93.8 
60401-14 2 25.1 10 250 200 Y sputtered surface 93.8 
190201-4 2 19.9 20 399 300 Y sputtered surface 99.8 
050301-3 2 6.86 40 275 200 Y 103.1 
020501-31 2 15.1 20 300 200 Y 112.5 
200401-49 2 20.1 15 300 200 Y substrate distorted 112.5 
50401-36 2 15.1 10 151 100 Y sputtered surface 113.3 
250401-25 2 10.1 30 303 200 Y 113.6 
50401-16 2 15.2 10 152 100 Y sputtered surface 114.0 
40401-52 2 19.9 10 199 100 Y 149.3 
50401-1 2 19.9 10 200 100 Y sputtered surface 150.0 
200401-37 2 20.2 10 202 100 Y substrate distorted 151.5 
200401-61 2 19.4 25 485 200 Y 181.9 
40401-37 2 24.3 10 243 100 Y sputtered surface 182.3 
60401-13 2 25.1 10 250 100 Y sputtered surface 187.5 
220301-37 5 4.98 10 49 200 Y 18.4 
170101-2 5 7.57 10 75 300 Y 18.8 
250401-5 5 5.17 10 51 200 Y bulge start 19.1 
190301-16 5 3.13 10 31 100 Y 23.3 
220301-1 5 5.24 25 130 400 Y 24.4 
210301-6 5 5 20 100 300 Y 25.0 
50401-56 5 10.2 10 102 300 Y 25.5 
60401-27 5 10.3 10 102 300 Y 25.5 
220301-2 5 5.02 30 150 400 Y 28.1 
230301-8 5 15 10 150 4001 Y 28.1 
170101-6 5 15.3 10 152 400 Y 28.5 
190301-8 5 3.89 10 39 100 Y 29.3 
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Pulse 
width, 
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Pulse 
energy, gy, 
J 
Repetition 
rate, 
Hz 
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power, 
W 
Feed 
Rate, 
T/min 
Comment Remarks 
Specific 
density, 
J/mm2 
200401-36 5 20.4 1 0 204 500 Y 30.6 
220301-21 5 5.02 5 0 250 600 Y 31.3 
220301-22 5 4.8 6 0 289 600 Y 36.1 
210301-7 5 4.86 30 146 300 Y 36.5 
190301-12 5 4.94 10 49 100 Y 36.8 
230301-3 5 9.8 20 196 400 Y 36.8 
200401-48 5 19.5 15 294 600 Y 36.8 
220301-36 5 4.96 20 99 200 Y 37.1 
220301-3 5 4.98 40 199 400 Y 37.3 
210301-12 5 5.02 40 200 400 Y 37.5 
210301-2 5 4.99 20 10 0 200 Y 37.5 
50401-41 5 15 10 150 300 Y 37.5 
160201-4 5 15.1 10 151 300 Y 37 8 
50401-21 5 15.2 10 152 300 Y 38.0 
170101-5 5 15.3 10 152 300 Y 38.0 
250401-4 5 5.17 10 51 100 Y 38.3 
50401-55 5 10.2 10 102 200 Y 38.3 
230401-8 5 10.2 20 204 400 Y 38.3 
200201-21 5 10.2 10 102 200 Y 38.3 
220201-1 5 10.2 10 102 200 Y 38.3 
60401-26 5 10.3 10 102 200 Y 38.3 
220301-23 5 5.1 70 358 600 Y 44.8 
240401-39 5 9.8 50 490 800 B 45.9 
220301-35 5 4.96 25 124 200 Y 46.5 
230301-17 5 2.48 100 249 400 Y 46.7 
230301-21 5 5.02 50 251 400 Y 47.1 
170101-9 5 15.3 20 316 500 Y 47.4 
240401-4 5 5.1 50 255 400 Y 47.8 
220301-4 5 5.11 50 255 400 Y 47.8 
210301-8 5 4.86 40 194 300 7 48.5 
220301-24 5 4.95 80 398 600 Y 49.8 
50401-6 5 19.9 10 199 300 Y 49.8 
160201-5 5 19.9 10 199 300 Y 49.8 
160201-13 5 20 10 200 300 Y 50.0 
240401-53 5 5.07 80 408 600 Y 51.0 
200401-35 5 20.4 10 204 300 Y 51.0 
230301-22 5 4.78 60 288 400 Y 54.0 
220301-5 5 4.8 60 288 400 Y 54.0 
220301-25 5 4.89 90 440 600 Y 55.0 
220301-34 5 4.91 30 147 200 Y 55.1 
200401-47 5 19.5 15 294 400 Y 55.1 
200401-24 5 29.5 10 295 400 Ys ubstrate distorted 55.3 
210301-3 5 4.94 30, 149, 200 Ys puttered surface 55.9 
50401-40 5 15 10 150 200 Y 56.3 
230301-9 5 15 20 301 400 Y 56.4 
170101-12 5 15.3 30 453 600 Y 56.6 
50401-20 5 15.2 10 152 200 Y 57.0 
220201-2 5 152 10 152 200 Y 57.0 
170101-4 5 15.3 10 152 2001 Y 57.0 
190201-8 5 15.2 20 305 400 Y 572 
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Pulse 
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W 
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Rate, 
mm/mm 
Specific 
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density, 
J/mm2 
020501-34 5 15.2 20 305 400 Y 57.2 
200201-22 5 15.3 10 153 200 Y 57.4 
240401-22 5 5.03 30 154 200 Y 57.8 
230301-4 5 10.3 30 310 400 Y 58.1 
230301-18 5 2.62 120 313 400 Y 58.7 
170101-8 5 15.3 20 316 400 Y 59.3 
140201-7 5 20.3 20 404 500 Y 60.6 
200401-59 5 19.2 25 485 600 Y 60.6 
140201-7 5 20.3 20 405 500 1Y 60.8 
240401-38 5 9.8 50 490 600 B 61.3 
40401-42 5 25.4 10 253 300 Y 63.3 
60401-12 5 25.4 10 253 300 Y sputtered surface 63.3 
190201-5 5 25.4 10 254 300 Y 63.5 
220301-6 5 4.8 70 340 400 Y 63.8 
220301-26 5 5.11 100 513 600 Y 64.1 
250401-23 5 10.4 30 311 350 1B 66.6 
170101-11 5 15.3 30 453 500 Y 68.0 
220201-10 5 18.2 10 182 200 Y 68.3 
220201-11 5 18.2 10 182 200 Y 68.3 
200401-23 5 29.5 10 295 300 Y substrate distorted 73.8 
220301-33 5 4.93 40 198 200 Y 74.3 
50401-5 5 19.9 10 199 200 Y 74.6 
40401-27 5 29.9 10 299 300 Y sputtered surface 74.8 
230301-23 5 4.5 80 400 400 Y 75.0 
220301-7 5 5 80 400 400 Y 75.0 
210301-4 5 5.01 40 200 200 Y irregular shape 75.0 
200201-23 5 20 10 200 200 Y 75.0 
220201-3 5 20.1 10 201 200 Y 75.4 
240401-52 5 5.07 80 408 400 Y 76.5 
50401-54 5 10.2 10 102 100 Y 76.5 
230401-7 5 10.2 20 204 200 Y 76.5 
60401-25 5 10.3 10 102 100 Y 76.5 
230301-5 5 10.2 40 410 400 Y 76.9 
230401-22 5 10.2 40 413 400 Y 77.4 
170101-7 5 15.3 20 316 300 Y 79.0 
220301-8 5 4.8 90 430 400 Y 80.6 
230301-10 5 15 30 450 400 Y 84.4 
200401-27 5 30.1 15 452 400 Y 84.8 
170101-10 5 15.3 30 453 400 Y bul e start 84.9 
200401-66 5 19.2 25 475 400 Y 89.1 
240401-37 5 9.8 50 490 400 Y 91.9 
230301-6 5 9.89 50 492 400 Y 92.3 
220301-32 5 4.94 50 250 200 Y 93.8 
140201-4 5 14.9 25 375 300 Y 93.8 
140201-4 5 15 25 375 300 Y 93.8 
40401-41 5 25.4 10 253 200 Y 94.9 
60401-11 5 25.4 10 253 200 Y sputtered surface 94.9 
220301-9 5 5.07 100 507 400 Y 95.1 
230301-24 5 5.07 100 507 4001 Y 95.1 
40401-15 5 40.1 10 401 3001 Y Is puttered surface 100.3 
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Pulse 
width, 
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Pulse 
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J 
Repetition 
rate, 
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Rate, 
mm/min 
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energy 
density, 
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220301-31 5 4.71 60 281 200 Y 105.4 
200401-46 5 19.5 15 294 200 Y 110.3 
200401-22 5 29.5 10 295 200 Y substrate distorted 110.6 
40401-26 5 29.9 10 299 200 Y sputtered surface 112.1 
50401-39 5 15 , 
10 150 100 Y 112.5 
90401-3 5 15 10 150 100 Y 112.5 
90401-6 5 15 10 150 100 Y 112.5 
200401-26 5 30.1 15 452 300 Y 113.0 
90401-9 5 15 10 151 100 Y 113.3 
50401-19 5 15.2 10 152 100 Y 114.0 
020501-33 5 15.2 20 305 200 Y 114.4 
190201-2 5 20.6 15 309 200 Y 115.9 
250401-22 5 10.4 30 311 200 Y bulge start 116.6 
40401-3 5 50.6 10 506 300 Y sputtered surface 126.5 
220301-30 5 5 70 350 200 Y 131.3 
220301-29 5 4.95 80 395 200 Y 148.1 
50401-4 5 19.9 10 199 100 Y 149.3 
40401-55 5 20 10 200 100 Y 150.0 
40401-14 5 40.1 10 401 200 Y 150.4 
200401-34 5 20.4 10 204 100 Y 153.0 
220301-28 5 4.79 90 430 200 Y 161.3 
200401-25 5 30.1 15 452 200 Y 169.5 
200401-58 5 19.2 25 485 200 Y 181.9 
40401-40 5 25.4 10 253 100 Y 189.8 
60401-10 5 25.4 10 253 100 Y sputtered surface 189.8 
40401-2 5 50.6 10 506 200 Y sputtered surface 189.8 
220301-27 5 5.09 100 508 200 Y 190.5 
40401-25 5 29.9 10 299 100 Y sputtered surface 224.3 
40401-13 5 40.1 10 401 100 Y sputtered surface 300.8 
40401-1 5 50.6 10 506 100 Y sputtered surface 379.5 
160101-6 10 15.2 10 152 400 Y 28.5 
200401-33 10 19.7 10 197 500 B 29.6 
070301-2 10 9.8 20 196 400 Y 36.8 
070301-1 10 9.9 20 198 400 Y 37.1 
140201-5 10 15.1 10 151 300 Y 37.8 
070301-8 10 20.3 20 405 800 Y 38.0 
160101-5 10 15.2 10 152 300 Y 38.0 
160101-5 10 15.2 10 152 300 Y 38.0 
230401-5 10 10.2 20 204 400 B 38.3 
50401-44 10 15.5 10 154 300 Y 38.5 
60401-23 10 10.3 10 103 200 B 38.6 
190201-9 10 20.7 10 207 400 Y 38.8 
200401-45 10 20.8 15 311 600 B 38.9 
250401-1 10 5.31 10 52 100 Y 39.0 
220201-5 10 10.9 10 108 200 Y 40.5 
190101-11 10 12.1 10 121 200 Y 45.4 
240401-36 10 9.86 50 494 800 B partial bonding 46.3 
50401-9 10 19.6 10 195 300 Y 48.8 
200401-32 10 19.7 10 197 300 Y 49.3 
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Pulse 
No. width, 
ms 
Pulse 
energy, 
J 
Repetition Average 
rate, power, 
Hz W 
Feed 
Rate, 
mm/min 
Comment Remarks 
Specific 
energy 
density, 
J/mm2 
070301-9 10 26.6 20 530 800 Y 49.7 
240401-1 10 5.34 50 268 400 Y 50.3 
140201-5 10 20.2 10 202 300 Y 50.5 
160201-8 10 20.5 10 204 300 Y 51.0 
140201-5 10 20.5 10 206 300 Y 51.5 
160101-15 10 14.7 30 442 600 Y 55.3 
240401-19 10 4.94 30 148 200 Y 55.5 
200401-18 10 29.6 10 296 400 Y 55.5 
190201-6 10 14.9 15 223 300 Y 55.8 
160101-4 10 15.2 10 152 200 Y 57.0 
160101-4 10 15.2 10 152 200 Y 57.0 
200201-26 10 15.3 10 153 200 Y 57.4 
070301-3 10 15.4 20 306 400 Y 57.4 
50401-23 10 15.4 10 154 200 Y 57.8 
50401-43 10 15.5 10 154 200 Y 57.8 
190101-12 10 15.5 10 154 200 Y 57.8 
220201-6 10 15.4 10 155 200 Y 58.1 
200401-44 10 20.8 15 311 400 Y 58.3 
240401-35 10 9.86 50 494 600 Y 61.8 
40401-45 10 24.8 10 247 300 B 61.8 
250401-20 10 9.8 30 294 350 Y bulge start 63.0 
60401-9 10 25.2 10 252 300 Y 63.0 
200401-56 10 20.5 25 515 600 B 64.4 
160101-14 10 14.7 30 442 500 Y 66.3 
220201-9 10 17.9 10 179 200 Y 67.1 
260101-1 10 18 10 180 200 Y 67.5 
260101-1 10 18 10 180 200 Y 67.5 
260101-2 10 18 10 180 200 Y 67.5 
260101-3 10 18 10 180 200 Y 67.5 
190101-13 10 18.2 10 181 200 Y 67.9 
50401-8 10 19.6 10 195 200 Y 73.1 
070301-10 10 9.8 20 196 200 Y irregular shape 73.5 
40401-30 10 29.4 10 294 300 Y 73.5 
200401-17 10 29.6 10 296 300 Y 74.0 
070301-4 10 20.3 20 406 400 Y spatters 76.1 
50401-57 10 10.2 10 102 100 Y 76.5 
230401-4 10 10.2 20 204 200 Y 76.5 
200201-27 10 20.5 10 205 200 Y 76.9 
60401-22 10 10.3 10 103 100 Y 77.3 
230401-19 10 10.3 40 412 400 Y 77.3 
220201-7 10 20.7 10 206 200 Y 77.3 
160101-13 10 14.7 30 442 400 Y 82.9 
200401-21 10 29.6 15 444 400 Y 83.3 
240401-34 10 9.86 50 494 400 Y 92.6 
40401-44 10 24.8 10 247 200 Y 92.6 
60401-8 10 25.2 10 252 200 
' 
Y 94.5 
200401-65 10 20.4 25 509 400 Y 95.4 
070301-5 10 26.3 20 530 400 Y 99.4 
40401-18 10 40.8 10 408 300 Y 102.0 
250401-19 10 9.8 30 294 200 Y 110.3 
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Pulse 
width, 
ms 
Pulse 
energy, 
J 
Repetition 
rate, 
Hz 
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power, 
W 
Feed 
Rate, 
mm/min 
Comment Remarks 
Specific 
energy 
density, 
J/mm2 
40401-29 10 29.4 10 294 200 Y 110.3 
200401-16 10 29.6 10 296 200 Y 111.0 
200401-20 10 29.6 15 444 300 Y substrate distorted 111.0 
070301-11 10 15.2 20 304 200 Y irregular shape 114.0 
90401-5 10 15.3 10 152 100 Y 114.0 
50401-22 10 15.4 10 154 100 Y 115.5 
90401-8 10 15.4 10 154 100 Y 115.5 
50401-42 10 15.5 10 154 100 Y 115.5 
90401-2 10 15.6 10 155 100 Y 116.3 
200401-43 10 20.8 15 311 200 Y 116.6 
40401-6 10 50 10 500 300 Y 125.0 
50401-7 10 19.6 10 195 100 Y 146.3 
200401-31 10 19.7 10 197 100 Y 147.8 
40401-58 10 20.1 10 200 100 Y bulge start 150.0 
070301-12 10 20.3 20 403 200 Y irregular shape; 
substrate distorted 
151.1 
40401-17 10 40.8 10 408 200 Y bulge start 153.0 
200401-19 10 29.6 15 444 200 Y 166.5 
40401-43 10 24.8 10 247 100 Y 185.3 
190201-3 10 24.9 20 498 200 Y irregular 186.8 
40401-5 10 50 10 500 200 Y unusual feature 187.5 
60401-7 10 25.2 10 252 100 Y substrate distorted 189.0 
200401-55 10 20.5 25 515 200 Y 193.1 
070301-13 10 26.5 20 530 200 Y irregular shape 198.8 
40401-28 10 29.4 10 294 100 Y 220.5 
140201-2 10 14.9 20 298 100 Y irregular shape 223.5 
140201-2 10 15.3 20 306 100 Y irre lar shape 229.5 
40401-16 10 40.8 10 408 loo ' Y bulge start 306.0 
40401-4 10, 50 10 500 100 Y 375.0 
50401-47 15 15.3 10 153 300 Y 38.3 
60401-20 15 10.4 10 104 200 Y 39.0 
50401-12 15, 19.2 10 192 300 Y 48.0 
50401-46 15 15.3 10 153 200 Y 57.4 
50401-26 15 15.4 10 153 200 Y 57.4 
40401-48 15 25.1 10 250 300 B 62.5 
60401-6 15 25.1 10 251 300 Y 62.8 
50401-11 15 19.2 10 192 200 Y 72.0 
40401-33 15 29 10 290 300 Y 72.5 
070301-4 15 19.6 20 396 400 B 74.3 
50401-60 15 10.3 10 103 100 Y 77.3 
60401-19 15 10.4 10 104 100 Y 78.0 
40401-47 15 25.1 10 250 200 Y 93.8 
60401-5 15 25.1 10 251 200 Y 94.1 
070301-5 15 25.3 20 506 400 Y 94.9 
070301-7 15 26.3 20 526 400 Y 98.6 
40401-21 15 40.1 10 401 300 Y 100.3 
40401-32 15 29 10 290 200 Y 108.8 
90401-7 15 15.2 10 152 100 Y 114.0 
90401-1 15 15.3 10 152 100 Y 114.0 
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No. 
Pulse 
width, 
ms 
Pulse 
energy, 
i 
Repetition 
rate, 
liz 
Average 
power, 
W 
Feed 
Rate, 
T/min 
Comment Remarks 
Specific 
energy 
density, 
J/mm2 
5040145 15 15.3 10 153 100 Y 114.8 
90401-4 15 15.3 10 153 100 Y 114.8 
50401-25 15 15.4 10 153 100 Y 114.8 
40401-9 15 49.7 10 497 300 Y bulge start 124.3 
50401-10 15 19.2 10 192 100 Y 144.0 
40401-20 15 40.1 10 401 200 Y 150.4 
40401-61 15 20.8 10 205 100 Y bulge start 153.8 
40401-8 15 49.7 10 497 200 Y bulge start 186.4 
40401-46 15 25.1 10 250 100 Y irregular 187.5 
60401-4 15 25.1 10 251 100 Y 188.3 
40401-31 15 29 10 290 100 Y 217.5 
40401-19 15 40.1 10 401 100 Y 300.8 
40401-7 15 49.7 10 497 100 Y 372.8 
60401-17 20 9.2 10 92 200 Y 34.5 
230401-2 20 10 20 200 400 Y 37.5 
200201-8 20 15.1 10 151 300 YB 37.8 
200201-5 20 11.3 10 113 200 YB 42.4 
200201-1 20 11.4 10 114 200 Y 42.8 
200201-13 20 19.4 10 194 300 Y 48.5 
50401-15 20 20.1 10 202 300 Y 50.5 
200401-29 20 20.3 10 202 300 Y 50.5 
200201-4 20 10.3 20 206 300 Y 51.5 
160201-11 20 21.3 10 212 300 YB 53.0 
020501-29 20 14.5 20 287 400 Y 53.8 
240401-16 20 4.9 30 146 200 Y 54.8 
50401-29 20 14.7 10 146 200 Y 54.8 
200401-41 20 19.6 15 293 400 Y 54.9 
200201-6 20 15.2 10 152 200 Y 57.0 
200401-12 20 31 10 313 400 Y 58.7 
40401-51 20 23.8 10 239 300 Y 59.8 
60401-3 20 24.1 10 241 300 Y 60.3 
200201-18 20 25 10 250 300 Y 62.5 
160201-12 20 25.4 10 255 300 YB 63.8 
250401-17 20 10.4 30 314 350 Y bulge start 67.3 
60401-16 20 9.2 10 92 100 Y 69.0 
50401-63 20 9.3 10 92 100 Y 69.0 
40401-36 20 29.4 10 294 300 Y 73.5 
200201-11 20 19.7 10 197 200 Y 73.9 
230401-1 20 10 20 200 200 Y 75.0 
50401-14 20 20.1 10 202 200 Y 75.8 
200201-9 20 15.3 20 306 300 Y 76.5 
200201-2 20 10.4 20 207 200 Y 77.6 
200401-11 20 31 10 313 300 Y 78.3 
200401-15 20 30.2 15 453 400 Y 84.9 
40401-50 20 23.8 10 239 200 Y 89.6 
60401-2 20 24.1 10 241 200 Y 90.4 
200401-64 20 20 25 498 400 Y 93.4 
200201-16 20 25.3 10 253 200 Y 94.9 
200201-14 20 19.7 20 394 300 YI rregular shape 98.5 
40401-24 20 40.2 101 401 300 Y 100.3 
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No. 
Pulse 
width, 
ms 
Pulse 
energy, 
J 
Repetition 
rate, 
Hz 
Average 
power, 
W 
Feed 
Rate, 
qmm 
Comment Remarks 
Specific 
energy 
density, 
J/mm2 
50401-28 20 14.7 10 146 100 Y 109.5 
200401-40 20 19.6 15 293 200 Y 109.9 
40401-35 20 29.4 10 294 200 Y 110.3 
50401-48 20 14.8 10 148 100 Y 111.0 
200401-14 20 30.2 15 453 300 Y 113.3 
200201-7 20 15.3 20 307 200 Y 115.1 
200401-10 20 31 10 313 200 Y 117.4 
250401-16 20 10.4 30 314 200 Y bulge start 117.8 
140201-0 20 19.2 25 481 300 Y 120.3 
200201-19 20 25 20 500 300 Y bulge start 125.0 
40401-12 20 50 10 500 300 Y 125.0 
200201-12 20 19.8 20 394 200 Y Irregular shape 147.8 
40401-23 20 40.2 10 401 200 Y 150.4 
50401-13 20 20.1 10 202 100 Y 151.5 
40401-64 20 20.3 10 202 100 Y 151.5 
200401-28 20 20.3 10 202 100 Y 151.5 
200401-13 20 30.2 15 453 200 Y 169.9 
40401-49 20 23.8 10 239 100 Y 179.3 
60401-1 20 24.1 10 241 100 Y 180.8 
200401-52 20 19.7 25 497 200 Y 186.4 
40401-11 20 50 10 500 200 Y 187.5 
200201-17 20 25.1 20 501 200 Y Irregular sha e 187.9 
40401-34 20 29.4 10 294 100 Y 220.5 
40401-22 20 40.2 10 401 100 Y 300.8 
140201-3 20 19 25 475 100 Y Irregular shape 356.3 
40401-10 20 50 10 500 100 Y 375.0 
140201-3 20 20.9 25 522, 1001 Y 391.5 
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Appendix D Operating Procedure for the ISO-Surf 
System 
Measuring procedure was as follows: 
1. Switch on the ISO-Surf system and the X/Y table. 
2. Initialise the XIY table and specify the scan size (i. e. number of scanning data, in this 
case 195 X 20) and scan resolution (100 pm X 100 µm, in this case). 
3. Align the centre of the sample (fused bead) with the diode laser point. 
4. Adjust the height of the laser stylus until the clearance was within the measurement 
range (300 µm). 
5. Start scanning and the measurement could then be followed by the colour pixels 
shown on the computer monitor. 
6. The measurement data could then be analysed by the software "Talymap" to 
"normalise" by subtracting a least squares plane. 
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Appendix E Image Analysis 
It was necessary to measure the deposited layer thickness so that the effectiveness of 
different scanning patterns and the effects of scan spacing could be evaluated. Image 
analysis technique is one of the possibilities to carry out a simple yet reliable 
measurement. The software used was Image Tool (version 2.02) developed by the 
University of Texas Health Science Center in San Antonio (UTHSCSA). This is a 
Windows-based image processing and analysis programme and is freely available 
through the Internet (UTHSCSA, 2002). 
Digital photographs of the cross-sections produced under various combinations were first 
taken. The images were then imported into the software. To separate the sample from the 
background, some simple photographic techniques could be applied to increase the 
contrast of the image. Otherwise, this could be also achieved by using some graphic 
editing software. 
The steps of isolating different phases, in different colours, are described as follows. The 
area of interest from an image was first selected and converted into a new image of 256 
greyscale (i. e. 8-bit), as seen in Figure E-1(a) and (b). By adding a threshold, it was 
possible to create a binary image from a grey scale image. A histogram of the grey scale 
image was presented with two sliding bars, which enabled adjustment of the threshold. 
Pixels were drawn in red, when their grey scales fell between the bars; whereas the other 
pixels remain in actual grey scales, when pixels were outside the range, as shown in 
Figure E-1(c). Once the adjustment was complete, a new binary image was created with 
the previously red pixels showing as black and the rest as white. The percentage of white 
or black pixels in the entire binary image could be consequently calculated, as shown in 
Figure E-1(d). The derived pixel number needed to be calibrated with a known length 
and its equivalent pixels. The deposited layer thickness was consequently obtained after 
the conversion and deducting the substrate part. 
The effect of separation depended on the sharpness and contrast of original image and the 
selection of the thresholds. Due to the macro distance in taking pictures, the camera 
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should be kept as straight to the object as possible to avoid the compression effect. Some 
substrates were deflected and this might also influence the accuracy. However, the 
conditions were maintained as constant as possible. 
Original image 
with the area 
of interest 
8-bit grey scale 
image 
0 
Pixels are drawn in 
red, when their grey 
levels fall between 
the endpoints 
Count white pixels 
Convert the value to the 
equivalent area and 
thickness by calibrating 
against a known length 
Figure E-1 Estimation of layer thickness using an image analysis technique 
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